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Foreword 
The solid particle number (PN) method was introduced in the European light-duty 
regulation for diesel vehicles in 2011 (Euro 5b). Later it was extended to gasoline 
vehicles with direct injection engines, heavy duty engines (both compression ignition and 
positive ignitions) and non-road mobile machinery engines. Real Driving Emissions (RDE) 
testing on the road with Portable Emissions Measurement Systems (PEMS) for PN (and 
NOx) during type approval and in-service conformity testing was recently (in 2017) 
introduced for light-duty vehicles, and is under discussion for heavy-duty vehicles. 
The legislation does not define a calibration aerosol for the particle counters. As it has an 
influence on the calibration results of the counting efficiencies of the condensation 
particle counters (CPC), a soot-like aerosol as a standardized calibration aerosol for 
engine exhaust applications would have advantages. But at the same time the 
repeatability and the reproducibility of the material have to be ensured. For this reason 
an inter-laboratory calibration exercise for engine exhaust CPCs focusing on soot-like 
aerosols has been conducted. 
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Abstract 
A limit on particle number (PN) has been part of the European vehicle emission 
legislation since EURO 5b from 2011. However, the legislation does not define or 
recommend a single calibration aerosol for PN. Since the counting efficiencies of CPCs 
complying with UNECE R49/R83 regulations are known to exhibit strong material 
dependence on the type of calibration aerosol, standardisation of the calibration aerosol 
would be advantageous. The selection of an appropriate calibration aerosol needs to 
consider the associated repeatability and the reproducibility in the measurements. 
Today, electrospray generators for emery oil are the prevalent solution for CPC suppliers 
owing to a tight control of the particle properties (particles are spherical with insignificant 
multiple charge). On the other hand, soot/graphite particle generators are easier to 
handle and are more commonly employed in calibration laboratories. In addition, the 
recent introduction of on-road PN portable emissions measurement systems (PEMS) in 
the European regulation clearly requires calibration of the equipment against 
soot/graphite particles. Therefore, the possibility to standardise soot for all applications 
would be appealing. The need to shift the lower cut-off diameter towards 10 nm in the 
automotive field is also under assessment both by the PMP group and the European 
Commission through several Horizon 2020 research projects. A selection of a suitable 
calibration aerosol needs to also consider such developments.  
Soot-like aerosol is a candidate for a standardised calibration aerosol for applications in 
automotive exhaust. This round robin exercise was carried out to examine the inter-
laboratory variability of calibrations with soot-like aerosol and to establish a qualitative 
comparison with other techniques. During this exercise, three CPCs (a TSI 23 nm engine 
exhaust CPC, a TSI 10 nm and a prototype AVL 23 nm) and one miniCAST soot generator 
were circulated among 7 laboratories in Europe. The circulated instruments were 
compared with in-house reference counters and in-house particle generators. These 
include generators for spark-discharge soot, diffusion flame soot, silver particles and 
emery oil.  
Participants were professional laboratories involved in automotive PN calibration and 
measurement; however not all of them were issuing CPC calibration certificates. A set of 
defined particle diameters was calibrated, with a focus on 23nm, 41nm and 70nm. Also, 
a linearity measurement was done. The circulated miniCAST had a set of operating points 
assigned to the calibrated diameter. Also, measurements of sample flow, ambient 
conditions, and (if used) electrometer zero and multiple charges were done in each 
laboratory.  
Re-testing at the manufacturer revealed that the circulated engine exhaust CPC exhibited 
a noticeable variation in performance (3% at 55 nm, 5% at 41nm). There is no clear 
evidence on when this drift took place. Thus, this additional source of variability is 
included in all aerosol comparisons and might account for a significant fraction of the 
variability. When comparing the engine exhaust CPC at its maximum counting efficiency, 
there is only a small difference between aerosols. The study provided experimental 
evidence that with soot particles, the peak counting efficiency occurs at significant larger 
sizes >70 nm compared to emery oil at ≤55 nm. The CPC showed an average efficiency 
of 94.7% for soot-like aerosol at 100nm and 95.1% for emery oil at 55nm. At the 
plateau region, laboratory results ranged from 88% to 100% across the soot-like 
aerosols. Electrospray emery oil results ranged from 93% to 97%. At 70nm with soot-like 
aerosol, the CPC consistently was 2%-3% below its maximum counting efficiency. 
A strong effect of the aerosol material was observed at the steep part of the counting 
efficiency curve of the CPC. The average counting efficiency of soot-like aerosol was 
between 27% and 32% (depending on generator type) at a mobility diameter of 23nm 
and between 77% and 80% at 41nm. Emery oil averaged 50% and 91%, respectively. 
Thus, existing CPCs calibrated with emery oil will have to be adjusted to meet the legally 
defined counting efficiency limits of 50% ±12% at 23nm ±1nm and >90% at 41nm 
±1nm with soot-like aerosol. However, the feasibility of such adjustment (and the 
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associated variability) was not investigated in this study. As the difference between 
emery oil and soot was bigger than previously reported in the literature, it is possible 
that there is no universally applicable factor.  
Dedicated tests at one lab with the same calibration equipment but two different 
miniCAST of similar design yielded efficiencies that spanned from 18% to 30% at 23 nm 
depending on the settings and type of thermal treatment, although limited operating 
conditions were selected. These measurements are in agreement with published data on 
the potential effect of differences in the morphology and chemistry of CAST generated 
particles on the counting efficiency of a CPC at the D50 of 23nm. 
The in-house soot generators, despite of different burner models and customized thermal 
treatment systems, showed a very good agreement compared to the single circulated 
generator. At 70nm the standard deviation of the measurements with in-house 
generators was 2.6 percentage points compared to 3.6 with the circulated generator. 
Only two participants took measurements with electrosprayed emery oil, which agreed 
very well (within ±1% ignoring the low measurement at the end of the campaign).  
Soot-like aerosol from diffusion flame and spark-discharge generators was identified as a 
suitable candidate for the harmonization of particle number calibrations in automotive 
exhaust applications. It was found to exhibit a standard deviation of 7 percentage points 
(or 30% relative variability) at 23 nm, 4pp at 41 nm and 3 pp at 70nm.  
The main sources of uncertainty caused by the generator that were identified are 1) the 
control of multiple charge fractions at sizes ≥ 41 nm for soot and 2) a possible efficiency 
dependence at 23 nm for different soot properties.  
During this exercise the following difficulties for 10nm calibration were encountered: 1) 
The circulated 10 nm CPC was not stable enough 2) the soot concentrations at some labs 
were not high enough for electrometer calibration with sufficient measurement 
uncertainty 3) not all laboratories had available a reference electrometer or CPC with 
lower than 10 nm cut-off 4) soot efficiency at 10nm and 15nm was found to be higher 
than emery oil which needs further investigation. 
Further investigations should address the following topics: 1) definition of operating 
parameters (by defining soot characteristics) of different CAST generator models in order 
to reduce the observed variability at 23nm. 2) possibility to have 50±12% efficiency at 
23 nm and >90% at 41 nm with soot aerosol.  
A further joint workshop on a generator comparison could be carried out to provide a 
conclusive number of the variability of soot aerosol calibration. In this workshop only 
CPCs calibrated with soot and using ISO procedures should be included. The question 
raised above could also be addressed in this place. 
Also, future-proofing towards measurements at sub-23nm, which are being discussed for 
application in automotive exhaust, needs to be investigated.  
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1 Introduction 
1.1 Scope of the CPC calibration aerosol round robin 
Currently, a wide range of aerosol types is permitted to calibrate Particle Measurement 
Program (PMP)-compliant particle number (PN) counting systems. A document cited by 
R83 (UNECE, 2015) highly recommends emery oil or diffusion flame soot aerosol 
(Marshall & Sandbach, 2007). The majority of engine exhaust Condensation Particle 
Counters (CPC) in the market are calibrated with electrospray-generated emery oil. In 
the last years, “soot-like” aerosol from different generation methods has been used by 
end users for validation of those CPCs (Andres, et al., 2014). However, different 
calibration aerosol can result in different calibration curves especially for the engine 
exhaust CPCs, see e.g. (Giechaskiel, et al., 2009; Kiwull, et al., 2015). 
The recently introduced Portable Emissions Measurement System (PEMS) for PN are 
required to be calibrated with thermally stable soot-like aerosol. Thus, soot like aerosol 
which is thermally pre-treated would make sense for the calibration of the CPCs as well. 
A harmonization of the calibration aerosol for the different components of the PMP 
counter and for PN-PEMS is expected to reduce measurement uncertainty introduced by 
an inconsistent calibration. 
The “CPC calibration aerosol round robin” was initiated by the Joint Research Center 
(JRC) of the European Commission in order to investigate the feasibility of using soot-like 
aerosol for the calibration of CPCs. 
The main target was to define the reproducibility of a calibration with soot-like aerosol 
and compare it with emery oil. It was decided that each laboratory would follow its 
calibration procedures and not the recently introduced ISO 27891, which has not been 
implemented by any laboratory yet. 
The focus of this investigation was soot-like aerosol from two generation methods. These 
are propane-flame soot aerosol produced by mini-CAST generators (JING Ltd.) and 
spark-discharge graphite aerosol produced by PALAS DNG generators. Also during this 
exercise, one circulated propane flame generator was compared to 5 other propane flame 
soot generators and 4 spark-discharge generators provided by the participating 
laboratories. Other investigated aerosol types were emery oil, which is used for the 
manufacturer’s calibration, and silver nucleation particles, which is suggested as a 
traceable standard for particle number calibration.  
Secondary objectives of this round robin were i) to make suggestions for improvement of 
the current calibration guidelines, such as inclusion of the K-factor, decreasing the 
permitted residual range, specifying flow measurement corrections etc. and ii) to 
measure and compare the counting efficiency curves of commercially available CPCs. 
6 
2 Experimental 
2.1 Participants 
The participants of this round robin are different stakeholders of the automotive exhaust 
measuring community, including instrument manufacturers, research and calibration 
institutions, vehicle manufacturers and one National Metrological Institute (NMI) (Table 
1). 
Table 1: Schedule of the round robin and list of participants 
PERIOD LABORATORY, LOCATION TYPE 
02 / 2016 TSI, Aachen (DE) Instrument Manufacturer 
03 / 2016 JRC, Ispra (IT) Research Institute 
04–05 / 2016 AVL, Graz (AT) Instrument Manufacturer 
06–07 / 2016 PTB, Braunschweig (DE) National Metrol. Institute 
07 08 / 2016 BMW, Munich (DE) Vehicle Manufacturer 
09–10 / 2016 Ricardo Energy & Environment (GB) Calibration Service 
11 / 2016 VW, Wolfsburg (DE) Vehicle Manufacturer 
12 / 2016 TSI, Aachen (DE) Instrument Manufacturer 
2.2 Measurement equipment and set-ups 
The following reference instruments (Table 2) and setups (Table 3) were used by the 
participating laboratories. Note that all of the reference instruments with the exception of 
the Aerosol Electrometer (AEM) of JRC were supplied by the same manufacturer, so the 
manufacturer calibration is expected to be consistent. 
In case that a laboratory uses two reference devices, calibrations against both devices 
will be shown in the results. They are identified by the appendix “AEM” for aerosol 
electrometer or “CPC” for condensation particle counter in the graphs. 
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Table 2: Laboratory reference instruments and traceability of calibration. Instruments marked with 
an asterisk “*” where not used or evaluated for the round robin exercise. 
LABORATORY REFERENCE INSTRUMENT CALIBRATION, 
TRACEABILITY 
TSI Aerosol Electrometer (TSI 3068B) National Metrol. Institute 
JRC 
 
 
Aerosol Electrometer (iONER EL-5030)* 
CPC (TSI 3025A) 
Manufacturer Calibration 
In-house 
AVL  Aerosol Electrometer (TSI 3068B) Manufacturer Calibration 
PTB Aerosol Electrometer (TSI 3068B) 
CPC (TSI 3772) 
In-house (National 
Metrological Institute) 
BMW  Aerosol Electrometer (TSI 3068B)* 
CPC (TSI 3772) 
Manufacturer Calibration 
Manufacturer Calibration 
Ricardo E&E CPC (TSI 3772) National Metrol. Institute 
VW  Aerosol Electrometer (TSI 3068B)* 
CPC (TSI 3772) 
Manufacturer Calibration 
In-house 
The particle size selection is another key element in the calibration of the counting 
efficiency of a CPC. All laboratories use a differential mobility analyzer (DMA) for this 
purpose. The DMA classifies particles depending on their electrical mobility, which can be 
related to a particle diameter given the electrical charge of the particle. The list of the 
DMA used (Table 3) shows that all of them are provided by the same manufacturer 
except for the PTB device. The particle size range is mainly determined by the geometry 
of the DMA and the sheath flow setting. The 3081 “long” DMA has a size range of 
approximately 6nm-230nm at 15 l/min sheath flow, the 3085 “nano” DMA features a 
range of 2nm-65nm at the same sheath flow settings. The PTB Hauke short-type has a 
maximum particle size of approximately 95nm at 15 l/min sheath flow. 
The high voltage inside the DMA that deviates the charged particles on their flight path 
can be either positive or negative. A negative voltage selects positively charged particles 
and vice versa. The particles have been put in an equilibrium state of charge by a bipolar 
neutralizer before the DMA. The advantage of selecting positively charged particles is a 
lower fraction of doubly (and triply) charged particles. When selecting negatively charged 
particles, there is an overall larger amount of charged particles, at the cost of a higher 
fraction of multiply charged particles. This makes it more suitable for the selection of 
very small particles (below about 40nm), where overall charging efficiency is low and 
multiply charged particles have minor impact. All laboratories use radioactive bipolar 
neutralizers, either with Krypton-85 or with Americium-241. 
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Table 3: Laboratory setups for the selection of the particle diameter 
LABORATORY DMA DMA VOLTAGE DMA FLOW 
SHEATH/SAMPLE 
TSI  TSI 3085 nano Negative (-) 15/1.5 l/min 
JRC 
 
 
TSI 3081 long Negative (-) 10/1.0 l/min 
AVL  TSI 3081 long Negative (-) 15/2.0 l/min 
PTB Hauke short-type Positive (+) 15/1.5 l/min 
BMW TSI 3081 long Negative (-) 15/1.5 l/min 
Ricardo E&E TSI 3081 long Negative (-) 10/1.0 l/min 
VW  TSI 3081 long Negative (-) 10/1.0 l/min 
2.3 Methodology 
2.3.1 Circulated devices 
AVL particle generator (APG): 
The AVL particle generator (APG) is based on a mini-CAST type 6203C propane-flame 
soot generator and a volatile particle remover (VPR). The VPR has an adjustable hot 
dilution, an evaporation tube at 350°C and a secondary dilution (fixed flow venturi 
diluter). For additional dilution it includes a manually selectable dilution bridge with 
another venturi diluter. 
The soot aerosol can be extracted at three sampling positions: Burner out, VPR Out, and 
Dilution Bridge Out. For all tests, the calibration aerosol was sampled from “VPR Out”, 
because thermally treated aerosol at high particle concentration is necessary for the CPC 
calibration.  
TSI 3792E CPC: 
Circulated reference device for calibration. Full flow Butanol-based CPC with D50 at 10nm 
(“Cut-Off”), D90 at 15nm. Coincidence Correction < 7% for a particle concentration below 
10.000 #/cm³. 
TSI 3791 CPC:  
Circulated device under test for calibration. Full flow Butanol-based CPC with D50 at 23nm 
(“Cut-Off”), D90 at 41nm. Coincidence Correction < 7% for a particle concentration below 
10.000 #/cm³. This CPC is certified for vehicle exhaust measurements according to the 
PMP. 
AVL CPC: 
Additionally circulated device under test for calibration. Full flow Butanol-based CPC with 
D50 at 23nm (“Cut-Off”), D90 at 41nm. Coincidence Correction <10% for a particle 
concentration below 30.000 #/cm³. This CPC is certified for vehicle exhaust 
measurements according to the PMP. 
The AVL CPC was not tested at TSI and JRC. 
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2.3.2 Testing procedure 
The following tests were planned to measure the aerosol influence on CPC calibration. 
The same reference device and device under test should be calibrated against each other 
at all laboratories. Unfortunately the CPC 3792E reference device turned out to have 
reliability issues. For this reason the in-house references were chosen as reference 
instead. 
The circulated APG was intended to serve as a reference aerosol generator. In the course 
of the exercise it became exceedingly contaminated with soot. Therefore the initially 
produced particle size distribution changed during the exercise. This affected the 
correction factor for the calculation of bipolar charge distribution. 
Table 4: Overview of test types 
 TEST 
NO. 
TYPE PARTICLE 
SOURCE 
REFERENCE 
DEVICE 
Basic Tests 
1 A Counting Efficiency Circulated APG Circulated/in-house 
1 B Counting Efficiency In-house generator Circulated/in-house 
2 A Linearity Circulated APG Circulated/in-house 
2 B Linearity In-house generator Circulated/in-house 
Optional 
3 Size Distribution Scan Circulated APG In-house 
4 Size Distribution Scan In-house miniCAST In-house 
Test No. 1A: Calibration with circulated APG 
The circulated APG is used to calibrate the Round Robin-CPCs (RR-CPCs) with the in-
house reference device(s) as well as the circulated reference CPC (Ref-CPC). The goals 
are: 
 To show the variance in calibration between the laboratories using the same 
particle generator to calibrate the same CPCs. 
 To compare the in-house reference with the traveling reference. 
Test No. 1B: Calibration with in-house particle generator 
The in-house particle generator is used to calibrate the Round Robin-CPCs (RR-CPCs) 
with in-house reference device(s) as well as the circulated reference CPC (Ref-CPC). 
The focus lies on soot-like aerosol generators like mini-CAST and Palas DNP, but could 
also include emery oil and silver particles. The goals are: 
 To show the differences in the calibration caused by different particle sources 
 To show the variation in the calibration procedure between laboratories using their 
original setup for the same CPCs. 
Test No. 3: Circulated APG generator stability 
The stability of operating points for the circulated APG particle generator was 
investigated during the round robin. An SMPS (Scanning Mobility Particle Sizer) scan 
should be performed on each of the 4 main APG operating points stored in the device. 
The main goal was: 
 To show the long term stability of APG operating points under different laboratory 
conditions. 
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Test No. 4: CAST particle generator burner comparison 
Comparison of gas flow settings for propane-flame CAST particle generators. The in-
house particle generator (only for the mini-CAST-type) is used with the suggested 
Operation Points for the APG. An SPMS scan is conducted for comparison. This will show 
whether burner flow settings could be transferred across devices. The main goal is: 
 To create particles with similar properties across different models of CAST 
burners. 
2.3.3 Laboratory Test Setup 
The general test setup used for the CPC calibration (Tests 1 and 2) is depicted in Figure 
1. The basic elements of this scheme are present in all of the participating laboratories.  
Thermal treatment (i.e. diluting and passing through an evaporation tube) of the 
generated particles is necessary for diffusion flame soot-like aerosol to ensure that the 
particles are stable and do not react further within the setup. The thermal treatment 
might be combined with a Catalytic Stripper (CS) or thermodenuder with activated 
carbon. In case of the circulated APG, the internal VPR is used. For in-house diffusion 
flame soot generators, each laboratory applies its custom thermal treatment system (see 
Table 5).  
An extra dilution of the aerosol is necessary to reduce the concentration to appropriate 
levels for the calibration of the particle counters. The dilution could be realized via a 
dilution bridge or via pressurized air and digital mass flow controllers.  
The DMA is generally operated at a sample flow of 1.0-2.0 l/min with a corresponding 
sheath flow (most laboratories apply a ratio of 1:10 here). Because the devices under 
test require more aerosol, it is necessary to supply additional make-up air, which is 
filtered by a HEPA filter (high efficiency particulate air filter). 
The aerosol is distributed among two or more counting devices via a flow splitter or 
sampling volume. Only a two-way splitter is in agreement with ISO 27891. Nevertheless, 
several laboratories measure more than two counters at once to facilitate a parallel 
calibration. In case of a two-way splitter, a “splitter bias” is applied to the 
measurements. In case of a parallel measurement, the variation between the sampling 
ports was determined by cross-swapping. It was found to be well below 1% in all setups. 
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Table 5: Overview of thermal treatment setup for diffusion flame generators 
LABORATORY DIFFUSION 
FLAME 
GENERATOR 
1st DILUTION 
BEFORE VPR 
THERMAL 
TREATMENT 
2nd DILUTION 
AFTER VPR 
All (Circulated 
APG) 
miniCAST 6203C 5l/min 350°C evaporation 
tube 
4.5l/min, L~40cm 
10l/min 
 
AVL miniCAST 6203C None 350°C evaporation 
tube 
Ejector diluter, 
ratio 3:1 
PTB CAST 520x PALAS VKL10, 
ratio 1:10 
Thermo-denuder 
(optional), 1l/min 
None 
BMW miniCAST 6204C None 380°C evaporation 
tube 
2.5l/min 
Ricardo E&E miniCAST 620x 2-3l/min 400°C evaporation 
tube 0.5l/min, 
L~35cm 
0.5l/min 
VW miniCAST 6203C 4.5 l/min 350°C evaporation 
tube 
0.5l/min, L~20cm 
 
 
Figure 1: Schematic Setup for CPC Calibration 
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2.3.4 Data Collection and Correction 
All measured data were transferred to the JRC as raw data and as processed data. The 
data were then given to BMW. They were checked for errors and inconsistencies, which 
were reported back to the participants. The participants also received an anonymous plot 
of the raw data results to be able to judge their measurements in comparison to the 
others. In a second step, the participants checked their data and processing again and if 
necessary corrections were made. 
All the submitted raw data were then processed in a standardized way. The standardized 
correction includes the following points: 
- (prior to correction): sampling of data, averaging over 60-240 seconds 
(depending on laboratory) 
- No K-Factor is included for devices under test. 
- The K-factor of the in-house reference is included (if available). It generally 
also includes a correction for a flow offset. In general this correction was 0% for 
the AEMs. The 3025A from JRC was calibrated against an AEM in-house.  
- Flow correction is applied to the devices both reference and under evaluation 
(deviation from nominal flow rate). The type of flow measurement was either 
volumetric or mass, depending on the laboratory. As long as devices are 
compared directly, the type of flow measurement has no influence on the result. 
Exception 3025A with internal flow split: Only the calibration factor with the 
electrometer was applied 
- In case of an aerosol electrometer (AEM) as reference device: A correction for 
the zero offset of the AEM is applied. The frequency of the AEM zero readings 
varies between laboratories. Ideally, a zero reading is taken before and after each 
measurement point.  
- In case of an aerosol electrometer (AEM) as reference device: A correction for 
multiply charged particles is applied. The correction is based on an approximation 
of the bipolar charge distribution (Wiedensohler, 1988). For this, concentrations 
are also measured at the particle size corresponding to a doubly charged particle 
of the same mobility diameter in the DMA (e.g. 59nm for measurements at 41nm, 
33nm for measurements at 23nm). Triply charged particles were not investigated, 
as their fraction was extremely small due to optimized generator output size 
distributions. This correction typically was around 3% for soot generators, 
depending on the operating point. The maximum correction was 11% (see chapter 
4.6 for more information). 
- Removal of Outliers: Outliers are only removed if there is evidence of technical 
malfunction from the measurement data. This was the case for several 
measurements with the circulated 10nm CPC. Furthermore, all data points of an 
average CPC concentration above 13.000 #/cm³ were excluded from the 
evaluation. 
An example of the correction procedure is given in Table 6 for a single combination of a 
reference aerosol electrometer and a CPC that is being calibrated. 
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Table 6: Exemplary data correction for one measurement at 70 nm. Comparison of counting 
efficiency calculation and K-Factor calculation. 
Correction Step Reference 
Electrometer 
Tested CPC Tested CPC 
 
Procedure all This RR ISO 27891, 
KF calculation 
Raw Concentration at 70nm 9780/cm³ 8970/cm³ 8970/cm³ 
Zero Offset 116/cm³ 0/cm³ 0/cm³ 
Zero corrected concentration 9664 8970 8970 
Nominal Flow : 
measured Flow 
3 l/min :  
2,87 l/min 
1 l/min :  
1,02 l/min 
1 l/min :  
1,02 l/min 
Flow correction 1,045 0,98 None 
Flow corrected concentration 10099/cm³ 8791/cm³  
    
Flow + Zero corrected 
concentration @103nm 
2267/cm³ 2159/cm³ 2203/cm³ 
Double charge ratio (Theory) 15,5% 15,5% 15,5% 
Double charged particles 351/cm³ 335/cm³ 341/cm³ 
Double charge correction 10099-2*351 8791-335 8970-341 
Charge corrected concentration 9397/cm³ 8456/cm³ 8629/cm³ 
CPC Counting efficiency  8456/9397= 
90,0% 
 
CPC according to ISO, 
K-Factor calculation 
  8629/9397= 
91,8% 
K-Factor   1/0,918= 
1,089 
2.3.5 Discussion: Flow Correction and K-Factor 
For the round robin, it was agreed to include a flow correction with every measurement 
as shown in Table 6 above. However, this is not in accordance with the standard 
calibration procedure for engine exhaust CPCs.  
Typically, when the CPC is checked or used in the field, no further flow correction is 
made, because the flow correction is already covered by the KF. The flow of the CPC 
should only be monitored, and if it is found to be out of tolerance, the instrument must 
be serviced. 
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Depending on the manufacturer, there are different strategies to realize the original 
sample flow calibration of a CPC. In the case of TSI CPCs, the device internally assumes 
a sample flow of 1l/min. Tolerances in the diameter of the critical orifice are corrected by 
the device-specific K-factor, which is obtained from a linearity calibration. 
AVL CPCs have the actual measured flow of the critical orifice programmed into the 
device during production. Later changes of the flow rate are also corrected by the K-
factor.  
This means, that the AVL CPC always is “flow-corrected”, but the TSI CPC only is flow 
corrected when the KF is applied. When calibrating the counting efficiency at 23nm and 
41nm, it would be reasonable to generally include the KF. This way it is guaranteed that 
comparability is maximized across different brands and models of CPCs. 
For this round robin, flow correction is applied to the device under test as described for 
the sake of consistency. Because both the CPC under test and the reference device are 
measured with the same flow meter, no additional error is introduced by this method. In 
further campaigns, flow correction should be omitted to comply with standard calibration 
procedures and to reflect actual usage of EE-CPCs.  
These considerations do not apply to the laboratory reference device: Here the flow 
should be monitored regularly and be corrected if necessary. It is the task of the 
laboratory technician to reduce measurement uncertainty as much as possible. 
2.3.6 Matrix of Laboratory Tests 
Table 7 below is giving an overview of the types of test conducted at each laboratory. 
Due to the large number of possible tests and very different testing procedures, not all 
laboratories did the same tests. Table 8 shows additional testing that has been done, 
including size distribution scans and additional CPCs tested. 
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Table 7: Test Matrix of the Exercise 
TEST 
TYPE 
PARTICLE 
SOURCE 
REFERENCE TSI  JRC AVL PTB BMW RICARDO VW 
Counting 
Efficiency 
APG In-house  x x x x x x 
 CPC 3792E  x x x x  x 
CAST in-house In-house   x x x x x 
 CPC 3792E    x x   
PALAS In-house  x x  x  x 
 CPC 3792E  x   x   
Emery oil In-house x x x     
 CPC 3792E  x      
DOS In-house   x     
 CPC 3792E        
Silver In-house  x  x    
 CPC 3792E  x  x    
Linearity 
APG In-house   x x x  x 
 CPC 3792E   x  x  x 
CAST in-house In-house    x x  x 
 CPC 3792E     x   
PALAS In-house  x     x 
 CPC 3792E  x      
Emery oil In-house x       
 CPC 3792E        
Silver In-house    x    
 CPC 3792E        
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Table 8: Additional tests carried out by the participants 
TEST 
TYPE 
PARTICLE 
SOURCE 
ADDITIONAL 
DEVICES 
TSI  JRC AVL PTB BMW RICARDO VW 
Size 
Distri-
bution 
APG   x x  x x x 
CAST in-house          x    
 
Additional 
CPCs 
tested 
 TSI 3790    x x   
 Airmodus CPC  x      
 Grimm CPC     x   
2.3.7 Operating points of the circulated APG diffusion flame soot 
generator 
Standardized operating points for the circulated soot generator were defined before the 
start of the comparison exercise by the first author in the laboratory of JRC. They were 
chosen based on Scanning Mobility Particle Sizer (SMPS) scans. The size distributions 
were selected so that the target monodisperse particle size is on the right-hand side of 
the size distribution. A second criterion was a high concentration level. 
Table 9 shows the five defined operating points A-E and the target monodisperse 
classified diameters. The operating points “PCRF” and “Linearity” are pre-programmed in 
the APG and are included for reference. 
Table 9: Operating points of the circulated APG soot generator 
APG Op. 
Point 
Classified 
Diameter 
SMPS 
Mode 
SMPS 
GSD 
Propane Mixing 
N2 
Oxidatio
n Air 
Burner 
Air 
VPR Dil. 
Flow 
- nm nm - ml/min ml/min l/min l/min l/min 
A 10, 15 10 1.3 18 30 0.4 5 3 
B 23, 33 12.5 1.41 18 20 0.4 5 3 
C 41, 59 23 1.61 25 0 0.45 5 3 
D 70, 103 46 1.94 20 15 0.66 5 3 
E 100, 150, 200 82 2.07 18 0 0.5 5 3 
PCRF 41 27 1.65 18 26 0.71 5 3 
Linearity 100 91 1,8 18 0 0.66 5 3 
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3 Results 
The following plots are showing the counting efficiency curves determined by the 
laboratories after applying the corrections described in Chapter 2.3.4 Data Collection and 
Correction. Separate pictures are given for each calibration material and each tested 
device.  
In-house reference devices include aerosol electrometers (AEM), CPCs with a D50 of 
10nm and CPCs with a D50 below 10nm. For the TSI 3792E, only AEM and CPCs with a 
D50 below 10nm are used as an in-house reference. 
The uncorrected data “as submitted” by the participants can be found in the Annex of 
this report. 
3.1 Counting Efficiency with Emery Oil and DOS 
Measurements with emery oil were conducted at JRC, AVL and at the manufacturer of the 
instrument, TSI, at the start and end of the round robin. The values obtained at TSI at 
the start of the round robin were considered the “calibration certificate” values of the 
circulated devices (Figure 2). 
The 23nm engine exhaust CPC 3791 is well within the PMP specifications according to the 
certificate values with emery oil. At 23nm, the certified counting efficiency is 51.5% and 
at 41nm it is 92.7%. The certificate values are equivalent to the “TSI Start” data points 
from the beginning of the exercise. 
The K-factor (KF) of the CPC measured at 55nm is KF=1.0574 according to the 
calibration certificate. The KF is a single correction factor that represents the deviation to 
a reference PN counter when the CPC is measuring particle sizes on the plateau of its 
counting efficiency curve. In engine exhaust applications, the KF is always applied to the 
CPC measurement results according to the legislation (UNECE, 2015). 
It should be reminded that the KF was not applied to any of the circulated instruments 
during the campaign. It was only applied to in-house reference devices, whenever 
available.  
The aerosol generators that were used for the calibration are shown in Table 10, as well 
as the specific type of the emery oil. Please note that JRC’s evaporation/condensation 
generator is different from the common electrospray devices used by many CPC 
manufacturers.  
Table 10: Emery oil generators and specifications 
LABORATORY AEROSOL 
GENERATOR 
GENERATION METHOD EMERY OIL TYPE 
JRC Own design Evaporation/Condensation INEOS Durasyn 125 
AVL TSI 3480 Electrospray INEOS Durasyn 164 
TSI TSI 3480 Electrospray Chevron Phillips Synfluid PAO 4 cSt 
The JRC results should be interpreted with care. JRC’s in-house reference device, a TSI 
3025A CPC, features an internal split-flow design as opposed to the full flow design that 
all other in-house references employ. That means only a fraction of the sample flow is 
drawn through the particle sensor, while most of the sampled aerosol passes through an 
internal bypass. A change in the internal flow split will affect the counting behaviour of 
the CPC, but cannot be detected by an external flow measurement. Therefore this design 
is less suitable for reference counters. At JRC, the CPC was calibrated against a reference 
electrometer before the exercise. Questions were raised regarding the validity of the 
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electrometer calibration as well. The resulting calibration factor of 1/0.9 was applied to 
all measurements of the 3025A CPC with any aerosol.  
Secondly, the generation method evaporation-condensation produces a lognormal 
distribution that can result in a high multiple charge fraction. This increases the 
measurement uncertainty if an electrometer is used as reference; this was not the case 
though for JRC.  
The results of the round robin CPC calibration are shown in Figure 2 and Figure 4. 
Electrospray (TSI, AVL) and evaporation/condensation generators (JRC) are displayed in 
separate figures. The initial measurement (TSI start) and re-test (TSI end) of the CPC at 
the finish of the exercise indicate a variation of CPC performance over the course of the 
campaign. Counting efficiency at 41nm fell from 93% to 88% and at 55nm from 96% to 
93%. Given that these measurements were done in the same laboratory, it is likely that 
the circulating CPC is the cause of the variation. This variation, if real, is included in all 
measurements and part of the variability calculation. Since there are no re-tests from 
other laboratories, it is not possible to quantify the amount of variation from the 
circulating CPC or the moment a drift was happening. 
 
Figure 2: Counting Efficiency, Emery Oil, CPC 3791 vs in-house reference from electrospray 
generator. Limits from PMP legislation (50% +/-12% at 23nm+/-1nm mobility diameter, >90% at 
41nm mobility diameter) are given. 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
110%
120%
0 20 40 60 80 100
C
o
u
n
ti
n
g
 E
ff
ic
ie
n
c
y
 
Mobility Diameter [nm] 
Emery Oil, CPC 3791 vs in-house reference.  
Electrospray generator 
AVL TSI start TSI end PMP Limit
19 
 
Figure 3: Counting Efficiency, Emery Oil, CPC 3791 vs in-house reference from 
evaporation/condensation generator. Limits from PMP legislation (50% +/-12% at 23nm+/-1nm 
mobility diameter, >90% at 41nm mobility diameter) are given. 
 
Figure 4: Counting Efficiency, DOS, CPC 3791 vs in-house reference. Illustration for comparison 
with emery oil regarding chemistry effects of liquid droplets from electrospray. 
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At AVL an additional calibration with DOS was done (see Figure 4). The calibration at 
23nm indicates that a strong chemistry effect is present. The counting efficiency at 23nm 
is 79% for DOS as opposed to 51% (AVL) for emery oil. Such a chemistry effect might 
also be present between different types of emery oil, because it is a blend of oligomers 
for e.g. lubrication purposes with no clearly defined composition. The chemistry effect of 
different emery oil blends should be looked at. However, for the three types of emery oil 
tested in this campaign no strong chemical effect was apparent. 
 
Figure 5: Counting Efficiency, Emery Oil, TSI 3792E vs in-house reference. TSI with reference 
electrometer. 
The CPC 3792E is designed with a D50 at 10nm. This can be seen in Figure 5. The 
counting efficiency according to the calibration certificate at 10nm measured with emery 
oil at the start of the round robin is 49.5%. The K-factor (KF) of the CPC measured at 
55nm is KF=1.0135 according to the calibration certificate, which was not applied during 
the campaign however.  
3.2 Counting Efficiency with APG 
The AVL particle generator (APG) was circulated among all laboratories, except for TSI, 
which only did the manufacturer’s calibration with emery oil.  
The instrument became contaminated more and more with soot particles during the 
campaign. At VW it could not produce sufficient concentrations of soot aerosol anymore 
and therefore it was cleaned thoroughly. Ricardo E&E, which had used the instrument 
before them, also experienced stability issues due to contamination of the instrument. 
The need for cleaning was only detected very late, because most operators were not 
familiar with the expected behaviour of this model of generator. 
The influence of the contamination can be clearly seen in a shift in size distributions, 
which is discussed in chapter 4.5 Circulated Generator: Particle Size Distribution Drift. 
The instability of the instrument is the cause for a greater variability in the 
measurements, especially at Ricardo E&E. This can be seen in Figure 6. For example at 
70nm, the variability (standard deviation 5.4 p.p.) cannot be explained by size 
distribution effects, because both CPCs are at the plateau of their counting efficiency 
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curve. See also chapter 4.5 for an analysis of the influence of the multiple charge 
correction. A problem in the test execution is most probable, since the generator was 
extinguishing frequently and did not run long enough to reach a stable aerosol 
production. It cannot be excluded that due to the contamination, the flame-quenching 
was different and the generated particles had also different properties. 
The results of Ricardo are still kept in the graph for the CPC 3791 for comparison. 
There are less data points for the CPC 3792E in Figure 7 because only reference 
instruments with a D50 below 10nm are suitable for this calibration. The comparisons with 
similar CPCs (e.g. TSI 3772) are excluded from the diagram. 
Figure 8 is showing the calibration results of the AVL CPC prototype that was circulated 
to most of the laboratories. The results of Ricardo are removed from the AVL CPC 
evaluation because there is an unreasonable amount of variation. 
Note that the BMW measurements shown are done with the in-house reference CPC. 
BMW’s in-house reference electrometer produced unreasonable values throughout the 
exercise and was therefore excluded from the evaluation. The cause could not be 
identified, but is presumably related to a change of the setup just prior to the start of the 
calibration exercise. Contamination of the electrometer, shocks to the instrument from 
moving or large amounts of uncontrolled multiple charges (which have otherwise not 
been observed in this setup) might be the reason of the error. 
 
Figure 6: Counting Efficiency, APG soot, CPC 3791 vs in-house reference 
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Figure 7: Counting Efficiency, APG soot, CPC 3792E vs in-house reference. JRC with ≤10nm CPC 
as reference counter, PTB AEM and AVL with reference electrometer. 
 
Figure 8: Counting Efficiency, APG soot, AVL CPC vs in-house reference 
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3.3 Counting Efficiency with in-house CAST 
An in-house CAST generator was used at five of the participating laboratories. Different 
burner generations (6203 and 6204) and different burner sizes, the 52xx-series three-
flame models and 62xx-series single-flame models, were used by the laboratories. All 
setups included a VPR-type thermal treatment after the CAST. Depending on the needs 
of the laboratories, VPR parameters such as dilution ratio and residence time were 
different. For details, see chapter 2.3.3 Laboratory Test Setup. All of them were 
configurations that are regularly used for calibration or research work. The laboratories 
apply optimized operation parameters for the burner flows such as to have appropriate 
size distributions for every point on the calibration curve. A comparison done at BMW has 
shown that flow parameters cannot be transferred between burner models, comparing a 
miniCAST type 6203C and type 6204C. The generators created very different particle 
number size distributions at the same burner flow settings (for details, see chapter 4.6).  
The calibration results for the CPC 3791 are shown in Figure 9, for the CPC 3792E in 
Figure 10 and for the AVL CPC in Figure 11, respectively. At BMW, four runs of 
calibration were done on four different days. “BMW” shows the average of all four tests.  
Testing against the BMW AEM resulted in low relative counting efficiencies near the 
plateau of the counting efficiency curve across all CPCs tested (see Figure 12). Also, 
counting efficiencies against this AEM decline towards large particle sizes (70nm/100nm). 
This is caused by an overestimation of the AEM concentration. CPC results are consistent 
among each other, which hints to a systematic AEM error. This error is possibly related to 
a change of the test setup before the round robin exercise, but it could not be identified. 
For this reason the BMW 10nm CPC is chosen as the reference for the calibration of the 
CPC 3791. 
The CPC 3792E showed an irregular behaviour in test run 1, while tests 2-4 at BMW were 
within a very small margin of each other. All other devices performed normally during 
test 1, thus a malfunction of the setup or reference instrument can be ruled out as the 
source of error. Figure 12 shows a comparison of all CPCs calibrated in parallel. 
 
Figure 9: Counting Efficiency, CAST soot, CPC 3791 vs in-house reference 
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Figure 10: Counting Efficiency, CAST soot, CPC 3792E vs in-house reference 
 
Figure 11: Counting Efficiency, CAST soot, AVL CPC vs in-house reference 
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Figure 12: CAST soot, comparison of calibration at BMW against electrometer. High electrometer 
values result in low peak counting efficiency across all CPCs tested. Test #1 shows malfunction on 
CPC 3792E. The values for AVL CPC and CPC 3791 are an average of 4 test days. 
3.4 Counting Efficiency with PALAS 
A PALAS spark-discharge generator was used for the calibration at four of the 
participating laboratories. For the measurement at BMW, a generator type “DNP 3000 
digital” was provided by PALAS to conduct the measurements.  
At AVL, a tandem DMA setup is applied to minimize the effect of multiply charged 
particles when using an AEM as the reference. Due to the operating principle of the 
PALAS generators, the particles are highly charged before entering into a neutralizer. For 
that reason, using a strong neutralizer or ideally a tandem DMA setup (that employs two 
neutralizers) is recommended to ensure an equilibrium charge distribution for the size 
selection in the DMA. 
Figure 13 and Figure 14: Two independent measurements have been done at JRC – 
one by the JRC staff, the second by the first author (BMW) during his stay at the JRC 
(denoted “JRC BMW”). The first author did his evaluation work at the JRC without 
knowledge of the other measurements done there before. Two neutralizers in a row 
before a single DMA were used in this test to ensure a controlled charge distribution. 
At BMW, no additional measures apart from a single neutralizer were taken in order to 
control multiple charges except for the standardized mathematical correction. 
For Figure 14 it should be noted that the CPC 3792E shows a relatively high degree of 
variation even at large particle sizes.  
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Figure 13: Counting Efficiency, PALAS soot, CPC 3791 vs in-house reference 
 
Figure 14: Counting Efficiency, PALAS soot, CPC 3792E vs in-house reference. JRC/JRC BMW with 
≤10nm CPC as reference counter. 
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Figure 15: Counting Efficiency, PALAS soot, AVL CPC vs in-house reference 
3.5 Counting Efficiency with silver 
Two different types of aerosol generators were used for the calibration with silver 
particles. The device at JRC is using a hot silver wire with N2 as the carrier gas and a 
heater at 350°C afterwards. PTB is equipped with a silver nucleation furnace, where the 
silver is evaporated and renucleated afterwards. The measurement results of both 
laboratories are compared in Figure 16 for the CPC 3791 and Figure 17 for the 3792E.  
 
Figure 16: Counting Efficiency, silver particles, CPC 3791 vs in-house reference 
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Figure 17: Counting Efficiency, silver particles, CPC 3792E vs in-house reference. JRC with ≤10nm 
CPC as reference counter, PTB EM with reference electrometer. 
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3.6 Aerosol Comparison at 23nm, 41 nm and 70nm 
 
Figure 18: Counting Efficiency - Aerosol comparison. CPC 3791 at 23nm. 
This section gives an overview of the results of the individual aerosols. The two 
calibration points that are defined in the EU legislation (UNECE, 2015) for engine exhaust 
CPCs at 23nm and 41nm plus 70nm are selected to give an overview of the aerosol 
material influence on CPC calibration. 
In Figure 18, all data points for the calibration of the CPC 3791 at 23nm for all aerosols 
are compared. All calibrations are done against the in-house references. The 
standardized correction is applied to all measurements. In the case that a laboratory has 
submitted several measurements, they are averaged and the standard deviation is given 
by error bars. The JRC tests include many tests with different generator settings (see 
also Annex 2). 
The measurements of the JRC with the CPC 3791 show a high degree of scatter at 23nm 
with a standard deviation of 5.5 percentage points. The indicated value at 23nm is an 
average of 4 measurements at high and low concentration levels at different APG 
settings. As both reference and device under test are CPCs and operate below 10.000 
particles, no significant influence of the concentration on the counting efficiency is to be 
expected. The effect of multiply charged particles should also be very low at this size. 
The most probable explanation is an effect of soot morphology on the counting 
efficiencies at 23 nm. This has already been reported in the literature: miniCAST burners 
can produce a wide range of particle types with different physicochemical properties (i.e. 
primary particle size, light absorption properties etc.) and in some cases different 
affinities for butanol (Mamakos et al. 2013, Durdina, L. et al. 2016). 
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The UNECE legislative requirement states a counting efficiency of 50% ±12% at 23nm 
±1nm. The original calibration of the CPC done with emery oil safely meets this standard. 
The other laboratories’ measurements with emery oil confirm the “calibration certificate 
value” from the manufacturer of 51.50% (TSI Start). The average of AVL and TSI emery 
oil calibrations is 49.6%, a standard deviation was not calculated for just 2 laboratories.  
At the same time, all other materials achieve a substantially lower counting efficiency for 
the same CPC and mobility diameter. The propane-flame generators APG and mini-CAST 
are very close to each other, with an overall average of 27.0% and 27.9%, respectively. 
The standard deviation of the APG is 7.5 percentage points, that of the miniCAST is 
3.3 pp. The PALAS spark-discharge soot generator shows a similar performance with an 
overall average of 32.0% and a standard deviation of 9.9 pp. 
The result of the silver particle calibration is much closer to the soot-like materials than it 
is to emery oil with an average counting efficiency of 25.2% (average of only two 
laboratories). 
Tests at AVL with DOS (shown in 3.1 Counting Efficiency with Emery Oil and DOS) show 
that a strong chemistry effect is present with this kind of liquid aerosol from electrospray. 
A counting efficiency as high as 79% was measured with the CPC 3791 at 23nm, 
significantly above the value with emery oil. At 41nm, DOS already was at the plateau of 
the counting efficiency curve. 
 
 
Figure 19: Counting Efficiency - Aerosol comparison. CPC 3791 at 41nm. 
According to the UNECE legislation the counting efficiency of an engine exhaust CPC 
should be >90% for particles with a mobility diameter of 41nm. This performance is 
confirmed by the emery oil calibration in all three laboratories. The “certificate value” of 
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the manufacturer from the start of the exercise is 92.7%. It only is 88% at the end of 
the exercise, probably due to a drift of the CPC. The average counting efficiency with 
electrosprayed emery oil (TSI, AVL) was found to be 91.1%. 
Looking at Figure 19 for 41nm, the same pattern that could be seen for 23nm is 
repeated. Soot-like aerosols and silver produce a very similar performance, but 
significantly lower than that of emery oil. The average counting efficiency for APG is 
77.2% (standard deviation: 5.8 pp), for CAST it is 79.7% (standard deviation: 1.5 pp) 
and for PALAS 77.3% (standard deviation: 3.3 pp).  
When comparing the individual bars it can also be seen that the relative deviation 
between laboratories is much smaller than for 23nm. The uncertainty in the calibration is 
much smaller on the plateau or close to the plateau of the counting efficiency curve as 
compared to the ascending part of the curve at 23nm. 
With silver aerosol, the counting efficiency at PTB is 76%. Unfortunately there is no other 
measurement with silver at 41nm for comparison. 
 
 
Figure 20: Counting Efficiency - Aerosol comparison. CPC 3791 at 70nm. Emery Oil measurements 
are taken at 55nm (this diameters is in the plateau region of the counting efficiency with emery oil) 
The calibration aerosols are compared at a mobility diameter of 70nm in Figure 20. All 
soot-like aerosols show a higher average than at 41nm, with a value between 91.5% and 
93.0%. Emery oil calibrations at the plateau region (at 55nm) result in an average of 
95.1% for electrospray. 
According to literature (Giechaskiel & Bergmann, 2011) the plateau is reached at around 
75nm with diffusion flame aerosol. Note that this value also is dependent on the absolute 
condenser/saturator temperature difference of the engine exhaust CPC that is 
determined during manufacturer calibration. Some laboratories did both 70nm and 
100nm calibrations. In the case of soot-like aerosols, counting efficiencies at 100nm are 
generally higher than at 70nm (see Figure 9, Figure 13). The average values at 100nm 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
APG CAST Palas Silver Emery Oil
55nm
C
o
u
n
ti
n
g
 E
ff
ic
ie
n
c
y
 
Aerosol Comparison: CPC 3791 at 70nm 
JRC BMW VW PTB AVL Ricardo TSI Start TSI End
32 
are between 94% (APG, PALAS) and 96% (CAST), which is close to the plateau efficiency 
determined with emery oil. The CPC is 1 to 3 percentage points below the plateau of the 
counting efficiency curve at 70nm. 
Silver aerosol once again shows an average value comparable to soot at 91.5%. 
When comparing the individual laboratories, deviation between labs is similar to 41nm 
and better than 23nm. For details, see Table 11 for a comparison of the Median Average 
Deviation. 
The variability of the calibrations depending on aerosol source is discussed in detail in 
chapter 3.8. 
Counting efficiencies at 23nm and 41nm normalized to laboratory plateau 
efficiency 
Differences of the laboratory setup, especially of the reference device, might pose a 
substantial source of error. In an attempt to cancel out the influence of the laboratory 
reference, all measurements are normalized to the efficiency at 70nm mobility diameter 
measured in each laboratory. In this way, the plateau of the CPC 3791 is defined as 
“100%” and calibrations at 23nm and 41nm are put in relation to this value. This process 
is simulating the application of a K-factor to the calibrations at the D50 and D90. 
For emery oil, the value is taken at 55nm. The CPC is near the plateau of its counting 
efficiency curve at these sizes. The maximum is calculated individually for each 
laboratory and each aerosol material. Because linearity measurements were available 
from all laboratories to determine the plateau efficiency, a single measurement point 
from the counting efficiency measurements at 70nm is used as an approximation instead. 
The KF applied was in the range of 1.03-1.13 for APG, 1.04-1.11 for CAST, 1.06-1.11 for 
PALAS, 1.08-1.10 for silver and 1.00-1.07 for emery oil. 5 out of 15 KF for soot-like 
aerosol (APG, CAST, Palas) were larger than the maximum +/-10% correction allowed 
from a linearity test. 
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Figure 21: Counting efficiency - calibration comparison. CPC 3791 at 23nm with correction for 
individual plateau applied. 
Because of the normalization, overall counting efficiencies at 23nm and 41nm increase. 
The absolute increase is relatively small in the case of 23nm, as the efficiencies before 
correction were mostly below 30%. No additional measurements meet PMP criteria. The 
average counting efficiencies increased to 29% for APG, 30% for CAST, 35% for PALAS, 
28% for silver and 51% for emery oil, see Figure 21. The increases were in the range of 
2 to 3 percentage points. After applying the KF, the standard deviation within each 
aerosol became slightly worse – it rose to 7.7 percentage points for APG, 3.9 for CAST, 
10.8 for PALAS, 3.3 for silver and 2.7 for emery oil.  
That means, differences of the reference instrument and setup have very little influence 
on the counting efficiencies at 23nm. Including a normalization does not improve the 
comparability of the results and the quality of the calibration when comparing data of 
different labs. The measurement of the D50 seems to be dominated by other effects such 
as size classification error, material and shape properties of the aerosol and a general 
CPC variance at the steep part of the counting efficiency curve. 
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Figure 22: Counting efficiency - calibration comparison. CPC 3791 at 41nm with correction for 
individual plateau applied. 
The same calculation has been done for the measurements at 41nm, see Figure 22. The 
inclusion of the KF has increased the counting efficiencies significantly, with averages 
going up by 6-7 percentage points to 83%, 86% and 84% for APG, CAST and Palas, 
respectively. Still, none of the measurements with soot-like aerosol meet PMP criteria. 
The aerosol-specific standard deviations give a more balanced picture compared to 
23nm: the APG goes up to 6.7 percentage points and CAST to 2.1 pp, while Palas is 
reduced to 3.1 pp and emery oil to 2.2 pp.  
Differences of the reference instrument have a larger influence on the D90, which is 
evident from the much larger level of the correction. Yet the inclusion of the 
normalization does not have a significant influence on the comparability of the 
calibrations.  
Conclusion: Normalization 
The investigation of a normalization to the laboratory-individual maximum of the 
circulated CPC gives an insight into the influence of the laboratory reference. Contrary to 
one’s initial expectation, variance of the calibrations does not improve through the 
normalization. At 23nm, the variance gets worse, at 41nm, the difference is ambiguous.  
This means, that the additional error introduced by the measurement at 70nm has a 
greater impact than the cancelling out of the reference instrument. To sum it up: a single 
measurement point in the plateau region has more variance than the reference devices 
among each other. 
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Discussion: Application of the K-Factor during calibration 
It is subject of discussion whether the KF should be applied to the calibration at 23nm 
and 41nm. This is not clear from the legislation R83 (UNECE, 2015) and both variants are 
used in routine calibration as of 2018. An agreement has to be reached to eliminate this 
additional calibration uncertainty. 
The calibration of the D50 seems to be dominated by other effects than the CPC plateau 
efficiency. The KF has smaller influence on the D50, because the total counting efficiency 
level is lower than at the D90. 
It has been shown that the inclusion of the KF is not sufficient to reach the PMP limit 
values at 23nm and 41nm with soot-like aerosol without modifying the temperatures of 
the CPC, if the CPC has been calibrated with emery oil before. 
For now, this behaviour has only been investigated for a TSI model 3791 CPC. Engine 
Exhaust CPCs from e.g. AVL, Grimm and Airmodus should also be considered before 
making a conclusion. 
The way sample flow correction works on different CPC models introduces another error 
into the KF application. Some models have the true sample flow of their critical orifice 
stored in the device (e.g. AVL CPC, Grimm CPC). Other models have a nominal sample 
flow stored in the device (e.g. TSI full flow CPCs) and correct to the actual flow by means 
of the KF. The former kind of instrument will always be flow corrected, but the latter one 
only is flow corrected when the KF is applied to the measurement. For this reason, 
applying the KF to the 23nm and 41nm calibration would make different CPC designs 
more comparable. 
Another important point when talking about the KF in a soot calibration is the correct 
diameter at which to measure the KF. The CPC should be clearly on the plateau of its 
counting efficiency curve. With emery oil, the KF typically is measured at 55nm, where 
the CPC has reached the plateau. With soot-like aerosol, the suggested diameter is at 
70nm or above. The correct diameter for the KF measurement should be investigated 
with a CPC that has been manufacturer-calibrated to meet the legislative requirements of 
the D50/D90 with soot-like aerosol. Such a CPC has a slightly higher temperature 
difference between saturator and condenser and possibly is at the plateau at 70nm. 
Concluding, including the KF in the calibration results is expected to reduce the 
differences at 23 and 41 nm between different CPCs. For one CPC though, the inclusion 
of the KF correction didn’t improve the variability of the results at 23 nm and 41 nm 
among different labs. 
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3.7 Calibration Aerosol Average 
 
Figure 23: Counting Efficiency - Aerosol comparison. Calibration curve of CPC 3791. Number of 
laboratories in brackets.  
For each aerosol type, the calibration results of all participants are averaged to create 
Figure 23. It shows the counting efficiency curve for the widely used engine exhaust 
CPC 3791. As before, calibration results against the in-house references are shown with 
all standardized corrections applied. The standard deviation between the laboratories is 
expressed by error bars (± 1 std. deviation) for n>2 labs. Emery Oil is only shown from 
electrospray. 
While the calibration curve looks similar for the soot-like aerosols, it is much steeper for 
emery oil. The plateau value for emery oil, measured at 55nm, is only reached by the 
other aerosols at 100nm. Soot-like and silver aerosol are slightly below the maximum 
value at 70nm.  
Note: Similar mobility diameters are averaged in one bin, e.g. 103nm in 100nm. This 
was done to simplify the illustration. 
Note: The number of laboratories varies between the aerosols. Not all laboratories 
submitted data for all mobility diameters as well. Refer to the previous chapter 3.6 to see 
the specific laboratories for each aerosol. 
3.8 Statistical Analysis for outliers 
In this round robin, data from a large number of calibrations in various laboratories have 
been collected. A statistical analysis for outliers is carried out to evaluate the spread and 
plausibility of the measurements. 
The analysis is done within each set of aerosol materials and classified particle diameters, 
e.g. 23nm–Palas soot. 
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For this purpose the Modified Z-Score is calculated for all datasets (NIST/SEMATECH, 
2003). The advantage of the modified Z-Score over the conventional Z-Score is its better 
suitability for small sets of data. It is more robust in this case and the value of the score 
is not limited by the size of the dataset n. The individual Modified Z-Score 𝑀𝑖 is calculated 
as: 
𝑀𝑖 =
0.6745 ∗ (𝑥𝑖 − ?̃?)
𝑀𝐴𝐷
  
Here, ?̃? is the median of the data. The Median Average Deviation (MAD) provides a 
measure for the variation of the data and is calculated according to the formula: 
𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑥𝑖 − ?̃?|) 
A score 𝑀𝑖 beyond +/- 3.5 should be flagged as an outlier and be investigated more 
thoroughly according to (Iglewicz & Hoaglin, 1993). 
Table 11 provides an overview of the calculated MAD for all counting materials and three 
mobility diameters. Note that the MAD gives comparatively little weight to extreme 
values. APG and PALAS are slightly behind compared to CAST, emery oil and silver, 
which are on a similar level. Values for silver only have limited validity because only 2 
labs are involved. A striking point is PALAS at 23nm with 9.0%. This is caused by the 
extreme spread of the results 
It can also be observed that the MAD in percentage points at 23nm is similar or worse 
than that at 41/70nm, while the absolute value of the measurement is roughly half. That 
means the relative error at 23nm is twice of that at 41/70nm. It seems that the 
remaining variation at 41nm or 70nm is not caused by the aerosol source, but by the rest 
of the individual laboratory setup, as aerosol sources are very close together in MAD. 
Other sources of variation are the reference counter, multiple charge neutralization and 
correction, size classifier and flow splitter, for example. 
Table 11: Median Average Deviation in percentage points for 23nm, 41nm and 70nm across all 
laboratories 
Dp APG CAST PALAS Silver Emery Oil 
23 2,9% 2,1% 9,0% 1,9% 1,5% 
41 1,8% 0,4% 2,2%  0,2% 
70 2,8% 2,3% 2,0% 0,7% 1,9% 
The Modified Z-Scores for the measurements at 23nm are shown in Figure 24. All values 
are within the expected variation, the largest being APG/BMW at 3.  
Figure 25 gives the Modified Z-Scores at 41nm. One measurement (TSI End) is outside 
the graph with a score of -14.8. This number is caused by the very small MAD of that 
dataset (0.2%). Also it indicates that a drop of the efficiency has occurred at the end of 
the exercise, while it cannot be ruled out that the CPC performance in general was 
subject to variation. A cause for this variation could not be identified. It is imaginable 
that the CPC needed service at the end of the exercise. 
The APG/Ricardo measurement at 41nm has a score of -4.0, while at 23nm and 70nm 
the data are closer to the other participants. The APG measurements at Ricardo show a 
larger degree of scatter and inconsistency than their own CAST measurements or other 
APG measurements. This is possibly explained by the fact that Ricardo had stability 
issues with the APG and was not experienced with the handling of the device. Later 
cleaning of the APG at VW returned the device back to normal operation. 
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The CAST/VW (3.5) and CAST/AVL (4.2) scores at 41nm are slightly below the threshold 
as well. This is mainly explained by the very small MAD of CAST at 41nm of just 0.4%. 
Both measurements are only 2 percentage points below the sample mean in absolute 
terms. 
For 70nm (Figure 26), no remarkable observations are found.  
  
Figure 24: Modified Z-Scores at 23nm. Statistical analysis of outliers 
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Figure 25: Modified Z-Scores at 41nm. Statistical analysis of outliers 
  
Figure 26: Modified Z-Scores at 70nm. Statistical analysis of outliers 
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3.9 Linearity Test 
The tests for the Linearity of the circulated CPCs were conducted at a mobility diameter 
of 70nm for all aerosol types. Emery oil is measured at 55nm, which is the 
manufacturer’s standard, as it has been shown that CPCs reach their maximum efficiency 
at this size (Giechaskiel & Bergmann, 2011). Soot-like aerosol at 70nm is slightly below 
the plateau of the counting efficiency curve, as it is shown in 3.7 Calibration Aerosol 
Average.   
Note: PTB has conducted the calibration at 75nm instead of 70nm. 
Testing method 
The procedure is according to R83. At least five measurement points, evenly distributed 
between 0 and 10.000 particles/cm³ (plus a zero measurement) were taken. Each point 
was averaged for at least 1 minute. The maximum concentration of the device under test 
is 10.000 particles/cm³ in “single count” operation, i.e. coincidence correction is smaller 
than 7 %. 
All devices are corrected as described in 2.3.4 Data Collection and Correction. 
At Ricardo E&E a somewhat different approach is used for the calibration: By the use of a 
variable dilution bridge, the concentration is reduced continuously from 10.000 down to 0 
particles/cm³ during one recording. By that way, a continuous “cloud” of data points is 
generated, which can be seen in the graphs. 
BMW is using the in-house AEM as a reference, which results in comparatively low 
values. The linearity of the reference device is maintained, however. 
Evaluation 
The linearity is determined by a linear fit of the device under test against the reference 
according to the formula 𝑦 = 𝑎 ∗ 𝑥. The fitting is done by an ordinary least squares 
method. The linear fit only has a single parameter (“slope”) and is forced through the 
origin (0,0). The inverse of the slope is called K-factor or KF, which is the calibration 
factor against a reference instrument. 
This approach has been chosen over a standard linear regression (formula: 𝑦 = 𝑎 ∗ 𝑥 + 𝑏), 
because it is required by R83 and for usability reasons. A standard linear regression 
would result in two calibration parameters for the instrument, which are slope and y-
intercept, instead of a single KF. 
The quality of the linear fit is expressed by the coefficient of determination, denoted as 
R². It ranges from 0 to 1, where 1 indicates a perfect correlation. In the case of 2 vectors 
of data (as in a CPC calibration) it describes the amount of deviation that cannot be 
described by a standard linear regression model. That leads to a contradiction: While the 
linear fit is done with a simplified regression model (𝑦 = 𝑎 ∗ 𝑥), the R² is calculated for an 
assumed standard regression (𝑦 = 𝑎 ∗ 𝑥 + 𝑏). As a result, R² becomes negative (R²<0) for 
very bad correlations, which is not foreseen per definition.  
There is an alternative calculation method for R² for a linear fit through origin (0,0). It 
typically results in a higher (i.e. better) number for the same fit, so both methods are not 
comparable. Both calculation methods are shown in Table 12 for illustration. 
The effect of this change in definition is minimal as long as the device is working 
properly, because R² usually is above 0.999 in CPC calibrations. It might become a 
problem with the calibration of PN-PEMS, however, where lower coefficients are 
expected.  
Another way to compare the quality of the fit is the calculation of the residuals. These are 
the deviation of the observed value from the predicted value of the linear fit. The 
residuals are plotted separately in Figure 29 and are given as relative values compared 
to the expected quantity. The calculation of the residuals is not part of the legislation; 
however it is under discussion to be added. 
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According to R83, the observed deviation from the reference (the measurement error) 
should be within +/-10% at every measurement point except (0,0). This means the 
effective overall correction will always be smaller than +/- 10%. 
Results 
The results of the linearity test are plotted in Figure 27. Only the results for the CPC 
3791 are displayed, because it was measured in all of the laboratories. Since there was a 
focus on counting efficiency measurement, less data are available for linearity. 
 
Figure 27: Linearity test of TSI 3791, various laboratories and aerosols, forced through origin. 
Note: PTB Linearity measurements were done at 75nm instead of 70nm 
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The linear fit derived from the measurements and the corresponding R² and regression 
formula are compared in Table 12. 
A certain scatter of the calibration results can be observed that is in line with the 
counting efficiency measurements. Emery oil yields the highest slope of all aerosols at 
0.95, soot-like aerosols being clearly below that and quite close together. The slope for 
soot aerosol ranges from 0.84 to 0.91 which is comparable to the counting efficiencies 
measured at 70nm (see 3.7 Calibration Aerosol Average). Silver produces the smallest 
slope at 0.82. The differences in slope highlight the absolute differences between 
laboratories, while the focus of the test is the linearity at several concentration levels. 
The linear correlation is very good for all combinations of reference devices and CPC 
3791 and independent of the calibration aerosol. The lowest R² that was measured is 
R²=0.99975. This is significantly above the PMP legislation limit of R²>0.97. All other 
CPCs tested show the same high level of linearity. 
The deviation from the reference as required by R83 of PMP legislation is shown in 
Figure 28. The CPC has to be rejected if any of the measurement points lies outside of 
+/- 10% from the reference. Thus the calibrations “Ricardo CAST” and “AVL APG” are not 
legally compliant even though the slope is within 0.9 – 1.1. The soot-like aerosol “JRC 
PALAS” is the only calibration alongside emery oil to be compliant with R83. 
The plot of the residuals in Figure 29 shows that larger deviations between 
measurement data and approximated regression occur at low concentrations. This is 
expected for two reasons: First, the least-squares fitting method applies a larger weight 
to higher values. The higher end of the concentration range therefore determines the 
linear fit. Second, because the fit is forced through zero, it cannot account for an offset 
between the two devices. This might be introduced by an uncorrected zero offset of a 
reference AEM. Apart from that, residuals below +/-2% at concentrations above 4000 
particles/cm³ indicate a very good linearity and quality of the regression model.   
Table 12: Results of the linearity calibration. Values outside the regulation requirements are 
identified. Note: slope might still be within 0.9-1.1. 
CALIBRATION 
AEROSOL 
FORMULA R² 
(y=a*x+b) 
FORMULA R² 
(y=a*x) 
KF MEETS 
R83 ? 
Ricardo CAST y=0,907*x-17 0,99977 y=0,905*x 0,99992 1,105 X 
BMW CAST y=0,850*x-14 0,99992 y=0,849*x 0,99998 1,179 X 
PTB CAST y=0,865*x+64 0,99997 y=0,874*x 0,99993 1,144 X 
BMW APG y=0,887*x-97 0,99970 y=0,865*x 0,99975 1,157 X 
AVL APG y=0,888*x+198 0,99972 y=0,911*x 0,99980 1,098 X 
PTB APG y=0,843*x+5 0,99998 y=0,844*x 0,99999 1,185 X 
VW APG y=0,879*x-12 1,00000 y=0,877*x 1,00000 1,140 X 
JRC PALAS y=0,908*x+31 0,99994 y=0,911*x 0,99997 1,097 √ 
PTB Silver y=0,813*x+26 1,00000 y=0,817*x 0,99999 1,224 X 
TSI Emery Oil y=0,936*x+76 0,99981 y=0,946*x 0,99994 1,057 √ 
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Discussion 
All calibrations with soot-like aerosol except for one fail to be within +/-10% of the 
reference instrument at every measurement point as required by the legislation. The CPC 
3791 is not at the peak of its counting efficiency curve during the linearity testing at 
70nm with soot-like aerosols. For further linearity testing, a larger particle size should be 
chosen, e.g. 75nm (Giechaskiel & Bergmann, 2011). A CPC that is factory-calibrated with 
soot-like aerosol might already be at the plateau at 70nm as well. This should be 
investigated in the future. 
All CPCs tested easily surpass the required regression factor of R²>0.97. The definition of 
this indicator is too broad to reject a malfunctioning device reliably.  
The mathematical definition of R² should also be defined clearly. Two calculation methods 
exist, one for a normal linear regression (which is the standard method) and the other 
for a linear regression forced through origin. 
Introducing residuals into the definition is a meaningful method to evaluate the quality of 
the linearity calibration. The residuals are the deviation of the measured data from the 
modelled regression curve. This way they describe the performance of the CPC with the 
KF already applied. The results show that +/- 5% is a realistic limit value for the 
residuals, which is a lot more challenging than previous requirements. Especially at a low 
concentration point around 2000 particles/cm³, device combinations with a constant 
offset would be detected. Concentrations around 500 or 1000 particles/cm³ measured 
against an AEM might not be able to meet this requirement (see PTB CAST graph in 
Figure 29), but are not required by R83 anyway. 
The limitation of the deviation from the reference of +/- 10% in the current legislation 
provides no information about instrument linearity. Replacing it by a limitation of the 
residuals in combination with a minimum/maximum slope of the regression would 
produce a much more precise description of CPC linearity. 
In contrast to R83, the measurement at zero particles is not included when making the 
linear fit. It is left out because it adds no information and only makes the fit look better. 
A working full-flow CPC will accurately measure 0.00 particles/cm³. That means, adding a 
data point very close to zero on a line that is forced through zero will introduce a 
“perfect” data point that raises the value of R² without changing the fit. The zero 
measurement should be excluded from the calculation to increase the significance of the 
R² coefficient. 
There is another point of the legislation that often is overlooked: Regulation 83 states 
that “calibration shall be undertaken using at least six standard concentrations spaced as 
uniformly as possible across the PNC's measurement range” (emphasis added by the 
author). Historically this has been the range of 0—10.000 particles/cm³. Newer CPC 
models that feature a higher measurement range of up to 20.000 or 25.000 
particles/cm³ in single count mode, like the AVL CPC tested in this round robin, also have 
to be calibrated in this range. 
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Figure 28: Linearity of CPC 3791, relative deviation from reference as required by PMP legislation. 
Yellow line shows PMP threshold for a valid linearity test. 
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Figure 29: Linearity of TSI 3791, residuals – relative deviation from linear fit 
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4 Lessons Learned 
This chapter summarizes observations made during the round robin that should be 
considered to avoid errors in calibration. 
4.1 Procedure: Flow Measurement 
Engine exhaust CPCs maintain a constant volumetric flow through the instrument via a 
critical flow orifice. The calibration of the flow is an important part of the calibration 
process. The flow measurement of both the device under test and the reference device 
also is a major source of error in the calibration of a CPC. 
No flow measurement device was circulated among the laboratories, so every laboratory 
was using their own devices. A considerable variation can be observed among the 
reported CPC flows, see Figure 30 for the CPC 3791 and Figure 31 for the CPC 3792E. 
In case a thermal mass flow meter is used, flows are converted to volumetric by the 
ambient temperature and pressure recorded. If a volumetric flow is measured directly, no 
conversion is done whatsoever. The average flow for the CPC 3791 is 0.986 l/min with a 
standard deviation of 0.017 l/min. For the CPC 3792E it is 0.969 l/min and 0.025 l/min, 
respectively. The variation within a single laboratory is much smaller than in between 
laboratories. This hints to a difference in calibration of the individual flow meters. 
Comparing the flow measurements of CPC 3791 and CPC 3792E, the same tendencies 
prevail between laboratories. That is another strong indication that the differences are 
caused by the calibration of the flow meters. When the same flow meter is used for the 
device under test and the reference counter, the flow measurement error is cancelled 
out, however. 
The aerosol at the critical orifice of a TSI full flow CPC, like the models used, is subject to 
a constant temperature and ambient pressure (assuming that the pressure drop across 
the detector is very small). That means, the volumetric flow measured at the inlet of the 
instrument changes compared to the volumetric flow at the orifice when the inlet 
(ambient) temperature changes. The measurement of the volumetric flow is independent 
of the ambient pressure or likewise, the altitude of the laboratory, because it is nearly 
the same at the inlet of the instrument and at the orifice. 
In the graphs, room temperature at the time of the measurement is also given. Variation 
within one laboratory (e.g. C/AVL) can be explained by changing room temperature. At 
the same time, variation between laboratories is greater than the influence of the 
ambient temperature.  
The measurement of the flows should be part of each calibration process, so a single 
measurement at the start of the day is not sufficient. It is recommended to use one 
single flow meter for the calibration of all PN counters involved in a test, because there 
might be a noticeable difference in calibration among several flow meters. 
In a future round robin a calibrated flow measurement device should be circulated among 
the laboratories to achieve a comparable flow calibration at each participant. To make 
the absolute values of the flow measurements comparable, ambient conditions have to 
be recorded as well. This helps to quickly detect instrument errors such as clogging of 
the flow orifice and allows to investigate long-term flow stability. 
However, flow measurement deviations did not influence the calibration results among 
laboratories, since both the reference device and the circulated CPC were measured with 
the same flow meter at each lab. An error of the flowmeter is therefore cancelled out. 
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Figure 30: Flow measurements during the round robin, CPC 3791. Red crosses denote the 
measurements of the room temperature. 
 
 
Figure 31: Flow measurements during the round robin, CPC 3792E. Red crosses denote the 
measurements of the room temperature. 
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4.2 Procedure: AEM Zero Measurement 
 
Figure 32: DMA voltage cycling with alternating AEM zero measurements, taken from ISO 27891 
An aerosol electrometer has no absolute zero value and there always is noise attributed 
to the reading of the current. The specifications of a common aerosol electrometer state 
a noise of <1fA RMS at 1s average and a drift of <2fA over 24 hours. This translates to a 
noise of less than +/- 375 particles/cm³ and a drift of less than +/- 750 particles/cm³ 
particles over 24h at an instrument flow of 1 l/min. Increasing the instrument flow is a 
way of reducing the relative influence of the noise and to minimize also the diffusional 
losses of the device. 
To correct for a resulting zero offset a regular zero reading has to be taken. ISO 27891 
recommends alternating measurements at zero and a desired concentration (Figure 32). 
The zero value for a given measurement point is the average of the zero reading before 
and after it. Given the drift of the AEM, it is not sufficient to take a single zero reading at 
the beginning of the measurement campaign. Figure 33 shows the AEM zero readings 
during a calibration of the CPC 3792E with APG at AVL during the PMP round robin. The 
current of the AEM was converted by BMW to particles/cm³ at the AEM sample flow used 
of 1l/min. A drift of the zero point can be clearly seen in the measurements. 
 
Figure 33: Zero readings during one calibration of CPC3792E as measured by AVL, converted to 
particles/cm³ 
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Inadequate zero correction influences the calibration especially at low concentration 
levels, leading to skewed linearity measurements at the low end of the concentration 
range for instance.  
To account for the noise of the instrument, ISO 27891 recommends to take a 30s 
average after a stabilization time of 30s.  
4.3 Procedure: Data Collection 
Every laboratory has its own approach and software solution to collect the measurement 
data of a calibration. This makes it difficult to apply a standardized correction and to 
compare the data afterwards.  
In a standardized approach the averaging time should be identical for all laboratories, as 
well as the stabilizing time before a measurement. The data should be stored as second-
by-second raw data as well as the mean and standard deviation of every measurement 
point. A serial connection should be used to read out the device data instead of analog 
connections for higher accuracy.  
Ambient conditions usually are not recorded automatically. The data for ambient 
conditions are quite incomplete for that reason, but these data are necessary for the 
conversion of flow measurements from mass flow to volumetric flow for example. 
For a future round robin, a computer and a standardized recording software should be 
circulated among the participants. The averaging and stabilizing time should be fixed in 
this software. A calibrated ambient temperature sensor as well as a calibrated pressure 
meter should be connected to that computer (or this info could be provided by the 
circulated flowmeter). By using a single software issues like time-alignment of the data 
are automatically solved and the task of evaluating and post-processing is much easier 
and more reliable. 
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4.4 CPC Performance and Long-Term Stability 
 
Figure 34: CPC performance comparison, APG soot 
 
Figure 35: CPC performance comparison, CAST soot 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
110%
0 20 40 60 80 100
C
o
u
n
ti
n
g
 E
ff
ic
ie
n
c
y
 
Mobility Diameter [nm] 
Comparison of CPCs with APG soot 
TSI 3792E
AVL CPC
TSI 3791
              PMP specification 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
110%
0 20 40 60 80 100
C
o
u
n
ti
n
g
 E
ff
ic
ie
n
c
y
 
Mobility Diameter [nm] 
CPC comparison with CAST soot 
TSI 3792E
AVL CPC
TSI 3791
             PMP 
specification 
51 
Two engine exhaust CPCs (D50 = 23nm) and one CPC (D50 = 10nm) were circulated 
among the participants. The performance of the TSI model and of the AVL model was 
very similar throughout the exercise, as shown in Figure 34 for APG soot and Figure 35 
for CAST soot. The AVL CPC was tested at less laboratories – 4 vs. 6 labs for APG and 4 
vs. 5 labs for CAST. The counting efficiency of the AVL CPC is on a higher level overall, 
about 6-8 percentage points above that of the CPC 3791 for CAST. Note that no K-factor 
was applied to any of the CPCs, though. When normalizing both CPCs to the same 
plateau efficiency, it can be seen that the shape of both efficiency curves is very similar.  
For the CPC 3791, a comparison of the initial test and the final test at the manufacturer 
TSI shows a drop in performance. The counting efficiency at 23, 41 and 55nm with 
emery oil changes from 51%, 93% and 96% (start) to 46%, 88% and 93% (end), 
respectively. This most probably is caused by a change of the circulating CPC’s behaviour 
in the course of the round robin. There are no re-tests from other laboratories, so it is 
not possible to judge the influence or characteristics of this change. This variation of CPC 
performance is included in all measurements and is part of the variability when 
comparing lab results. 
To put this into perspective, the variability of the AVL CPC can be compared for CAST and 
APG, where it was tested at 4 laboratories each. With APG, the standard deviation of the 
AVL CPC was 7.3, 4.0 and 4.4 percentage points at 23, 41 and 70nm, while the CPC 
3791 was at 7.5, 5.8 and 3.6pp. The results for CAST were 4.7, 3.3 and 3.7 pp for the 
AVL CPC compared to 3.3, 1.5 and 2.6 pp for the TSI CPC 3791. So variability of the 
CPCs was on a very similar level for the APG aerosol, while it was notably lower on the 
CPC 3791 with CAST aerosol. In conclusion the CPC 3791 did not show a variation of 
performance that suggests a defect of the instrument. The observed variability was 
better than that of the second circulated CPC, which is based around the same principle. 
Note that the AVL CPC was designated a “prototype” model, albeit in late stage of 
development.  
The 10nm CPC 3792E was showing random irregular behaviour in some tests. One of 
them is highlighted in Figure 10. It had to be sent to the manufacturer for service in the 
middle of the round robin. The influence of this service on the results could not be 
estimated. Therefore, results of this CPC are not further discussed. It was intended to be 
used as a counterpart to the circulated 3791 CPC. 
4.5 Circulated Generator: Particle Size Distribution Drift and 
Influence on Multiple Charge Correction 
The circulated APG soot generator was used extensively over a long period of time. This 
has led to internal contamination of the device and a shift in the particle number size 
distribution was observed. This is shown below for the operating points “B” (23nm) and 
“C” (41nm), see Figure 36 and Figure 37. The size distributions are normalized to the 
same maximum concentration to facilitate the comparison of the shape. The laboratories 
are sorted in chronological order. 
The initial scan at JRC was done by the first author while searching for suitable operating 
points for the calibration exercise.  
From there the size distribution shows a gradual shift towards larger particles, both for 
point B and C. At Ricardo, the instrument was contaminated heavily so that it would 
extinguish occasionally. The inaccuracy seen at the Ricardo APG measurements cannot 
be attributed to a shift in size distribution, but rather to the fact that the instrument was 
not able to run long enough to reach a stable operation. 
After arriving at VW it was thoroughly cleaned. The size distribution resumed to a shape 
very similar to that at the start of the exercise at JRC.  
The APG was cleaned three times during the exercise: before JRC at the start, at VW and 
at AVL. Agreement among these three laboratories is better than among all six APG 
users. The standard deviation at 23nm is 5.3 percentage points versus 7.5pp, at 41nm it 
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is 1.8pp versus 5.8pp, respectively. This further hints to the fact that the contamination 
of the device has had an influence on the repeatability of the calibration. 
Note: In the case of AVL and JRC, Diffusion Correction and Multiple Charge Correction are 
turned on in the SMPS scan software. They are turned off for the other laboratories. The 
other laboratories therefore underestimate the small particle size regime compared to the 
AVL- and JRC -scans. 
 
Figure 36: APG operating point "B" drift, the mobility diameter of 23nm is highlighted. JRC, AVL 
and VW with clean burner 
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Figure 37: APG operating point "C" drift, the mobility diameter of 41nm is highlighted. JRC, AVL 
and VW with clean burner 
Estimation of the influence on multiple charge correction 
An estimation of the influence of the size distribution drift on the multiple charge 
correction was done using the data of the size distribution scans in Figure 37. For this 
purpose the relative concentrations at 41nm and the corresponding size for particles with 
double charges at 59nm are compared. 
The calculation steps are shown in Table 13 below. The relative concentrations of the 
individual labs at 41nm and 59nm are taken from the size distribution scans. The ratio of 
doubly to singly charged particles at 59nm (5.71%) is taken from an approximation of 
the bipolar charge distribution (Wiedensohler, 1988). Triple charged particles are 
neglected due to their small probability of 0.16%. The more the size distribution shifts to 
larger sizes, the more particles with double charges are present. In this example the 
double charge ratio at 41nm ranges from 1.4% (JRC scan) to 3.2% (Ricardo scan). 
At 23nm, a much smaller effect is to be expected, because the doubly charged ratio from 
the bipolar charge equilibrium at the corresponding diameter of 33nm is lower at 1.12% 
(compared to 5.71% at 59nm). The doubly and triply charged ratios for selected particle 
diameters are given in Table 14. 
An aerosol electrometer as a reference device will count doubly charged particles as two 
particles. That means, at 41nm an additional error of 2% is introduced when the size 
distribution changes from a mode at ~23nm (JRC) to ~30nm (Ricardo). In case a CPC is 
used as the reference device, the doubly charged effect is minimal, because both 
reference CPC and device under test operate at or near the plateau region of their 
counting efficiency curve. 
That means, when using a reference CPC the shift of the size distribution is only 
introducing a very small error to the counting efficiency measurement. At 41nm, 
observations range from 67% to 85% with soot-like aerosol, which is not explained by a 
shift in size distribution. By applying an adequate correction, this error can be mitigated. 
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Other factors also have a significant effect on multiple charge correction, for example an 
insufficient neutralization or an incorrect assumption for the unipolar charge distribution.  
Table 13: Calculated doubly charged correction at 41nm from size distribution scans 
Step BMW VW AVL Ricardo JRC 
Rel. conc. 41nm 0.76 0.59 0.59 0.67 0.56 
Rel. conc. 59nm 0.23 0.21 0.15 0.38 0.14 
Double charge ratio at 59nm 5.71% 
59nm conc.* Dbl. charge ratio 0.013 0.012 0.009 0.022 0.008 
      
Double charges at 41nm 1.7% 2.0% 1.5% 3.2% 1.4% 
Table 14: Doubly and triply charged probabilities for selected particle diameters according to a 
bipolar charge equilibrium 
Particle 
Diameter 
2*Voltage 
Diameter 
3*Voltage 
Diameter 
Double 
charged ratio 
Triple   
charged ratio 
nm nm  nm % % 
15 21.36  0.17%  
23 32.9  1.12%  
41 59.2 73.9 5.71% 0.16% 
70 103.1 130.7 15.54% 2.25% 
100 150.7 194.7 25.88% 7.02% 
4.6 Implications of Multiple Charge Correction 
Multiply charged particles are an important source of uncertainty in CPC calibrations with 
soot aerosol. A classifier (differential mobility analyser, DMA) is used to select particles of 
a set mobility diameter. Particles are brought into equilibrium charge conditions by a 
neutralizer (radioactive or x-ray) before the DMA. Ideally, only particles carrying a single 
electrical charge and of the selected diameter pass the DMA. In reality though, there is a 
fraction of particles passing that carries two charges with a larger mobility diameter. The 
balance of electrical force and aerodynamic drag for a particle with two charges and 
roughly 1.5 times the mobility diameter is the same as for the desired particle size. For 
diameters ≥70nm, even triply charged particles might pass the DMA. 
These particles cause two kinds of errors: One, when calibrating a CPC at the D50, these 
particles increase the indicated counting efficiency at the D50, because they are larger 
than the chosen diameter. Two, when using an electrometer, one doubly charged particle 
is counted as two particles, so there can be a significant over-estimation of the 
concentration. The first kind of error usually no issue unless very unsuited particle 
number size distributions are involved, since multiple charge probability is very low at 
the D50 (23nm) (see Table 14). So when comparing CPCs, multiple charges are a minor 
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problem in calibration. When using an electrometer, however, multiple charges are the 
biggest source of error for the calibration and need to be considered carefully.  
To limit the influence of multiply charged particles, all participants apply optimised 
operating points to their generators. These operating points produce a size distribution 
that minimizes the amount of particles larger than the selected diameter, thus 
minimizing the chance of multiply charged particles. So to speak, they are classifying the 
particles on the right hand size of the particle number size distribution. See the previous 
chapter 4.5 for more information. 
Typically, multiple charges are corrected using literature values for the bipolar charging 
probability, see Table 14 (Wiedensohler, 1988). The charge distribution of neutralized 
APG soot was also determined experimentally by AVL. While the differences were small 
for 70nm and below, relevant differences were found for particles of diameter ≥100nm: 
The measured double charge ratio was 25% higher at 103nm than literature values. This 
will affect calibrations at 70nm, since corresponding doubly charged particles have a size 
of around 103nm. 
To estimate the influence of the multiple charge correction, we look at data from PTB and 
AVL. These two laboratories were using an electrometer with CAST and APG soot aerosol. 
The total correction factors (uncorrected divided by corrected counting efficiency of CPC 
3791) is given in Table 15 for both labs. For the purpose of this comparison, only 
diameters ≥41nm will be looked at, since the chance of doubly charged particles is very 
low for particle diameters of 23nm and below (compare Table 14). It is obvious from the 
graph that the operating points of the in-house CAST generators were better adapted for 
the purpose, since their correction factors are much lower than for APG.  
PTB has slightly higher correction factors than AVL, since they use a positive-electrode 
DMA. The charge probability of the corresponding, negatively charged particles is slightly 
higher than for the positively charged particles from the TSI DMA used at AVL. Since 
charge probability is higher, the probability of multiple charges also is higher with their 
instrument. 
For the AVL calibration, measured and literature values for the charge distribution are 
compared. At 41nm and 50nm, correction factors are the same for both methods. For 70 
and 80nm however, there is a difference of 1-2 percentage points in the correction factor 
for the APG measurements. Correction factors for the AVL CAST measurements were 
generally small (close to 1), so there is no visible difference.  
In the ISO 27891 there is a limit for the maximum allowed multiple charge fraction of 
10%. This limit reduces the possible influence of the multiple charges on the calibration. 
The amount of multiple charges in the measurements is the inverse of the correction 
factor minus 1 (or: 𝑥 =
1
𝐶𝐹
− 1). Therefore the PTB correction factor with APG soot for 
70nm is outside of the PMP limits.  
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Table 15: Double Charge Correction Factors applied to soot measurements from AVL and PTB. 
Note that PTB is using a Hauke-type DMA with positive electrode. For the AVL measurements, both 
measured correction factors from AVL and literature values according to Wiedensohler et al. (1988) 
were used for comparison (green highlight). Red correction factor is outside of PMP limits for 
multiple charge correction. 
Lab PTB PTB AVL AVL AVL AVL 
Correction Literature Literature Measured Literature Measured Literature 
DMA voltage Positive Positive Negative Negative Negative Negative 
Generator CAST APG CAST CAST APG APG 
Corr. Factors       
41 nm 
 
0.95 0.95 1.00 1.00  0.99  0.99  
50 nm   0.97 0.97  0.99  0.99  
70 nm 0.94 0.90 0.98 0.98  0.91  0.93  
80 nm     0.93  0.94  
4.7 Exchanging miniCAST flow settings between burner models 
In order to investigate whether burner flow settings can be transferred between 
miniCAST burner models, the following experiment was carried out at BMW. The BMW in-
house generator was operated at the burner flow settings specified for the circulated APG 
generator. Both burners are of the smallest single flame burner type. The BMW burner is 
a model 6204C miniCAST, the APG a model 6203C. The instruments also differ greatly in 
their aerosol treatment. The APG has a much higher level of internal dilution than the 
BMW setup. 
Figure 38 shows the size distributions of operating points A, B, C, D of the circulated 
APG generator as measured at BMW. The measurements were done using a self-
programmed DMPS (differential mobility particle sizer). The mode diameter of the 
operating points is spread over a wide range from 10nm to 50nm and adapted to the 
intended calibration diameters. At the same time, there is a large spread in absolute 
concentration levels. 
When these settings are carried over to the in-house miniCAST at BMW, they result in 
very different size distributions (Figure 39). All mode diameters fall close in the range of 
40nm to 60nm, with point C being even larger than point D. The concentration levels are 
much closer to each other. 
From these observations it can be concluded, that burner flow settings cannot easily be 
transferred between diffusion flame generators. Notably, there is no point in specifying 
the flow settings that should be used for the calibration of a CPC at a given particle size.  
We strongly recommend to specify the particle number size distribution instead of flow 
settings at the CAST burners, which then can be used for the calibration procedure. For 
instance, a parameter matrix for the mean diameter and the width of the size distribution 
should be determined for the initial calibration points at 23 nm, 41 nm and at the plateau 
region ≥ 70nm.  
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Figure 38: APG size distribution scans of settings A-D at BMW 
 
Figure 39: Size distribution scans of BMW in-house CAST with APG burner settings A-D 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
10.0 100.0
N
o
r
m
a
li
z
e
d
 P
N
 
Mobility Diameter [nm] 
Setting A
Setting B
Setting C
Setting D
0.0
0.2
0.4
0.6
0.8
1.0
1.2
10.0 100.0
N
o
r
m
a
li
z
e
d
 P
N
 
Mobility Diameter [nm] 
Setting A
Setting B
Setting C
Setting D
58 
4.8 MiniCAST operating point influence on CPC efficiency at 23nm 
The CPC 3791 is known to be sensitive towards calibration aerosol properties, which is 
most visible at 23nm. This is especially relevant to CAST generators which have a broad 
operating range and can produce particles with different morphology and OC/EC ratio 
(ratio of organic to elemental carbon) (Mamakos, et al., 2013).  
At AVL, two miniCAST burners of the same model (6203c within APG and stand-alone 
6203c) with either evaporating tube or catalytic stripper for thermal treatment were 
compared. At 23nm, the range of the results was as much as 18%-30%, see Figure 40.  
 
Figure 40: Influence of CAST burner model and aftertreatment as measured by AVL, picture taken 
from the AVL report for the exercise. At 23nm a large range of results for soot was observed.  The 
settings of the miniCAST correspond to 18 ml/min propane, 0 ml/min mix N2 and 350 or 300 
ml/min oxidation air. APG operated at the settings recommended for the round robin. 
The type of thermal treatment (APG VPR out vs APG burner & CS) had little effect on the 
counting efficiency, while there was a large difference between the two generators. At 
41nm, results were between 74% and 78%, which is close to the experimental 
uncertainty. Palas is near the upper end of CAST results at 23nm, but relatively lower at 
41nm and above. This may be indicative of multiple charge interferences, considering the 
significantly higher charge state of particles produced in PALAS. 
At BMW, a test of three operating points with different size distributions (mode at 20, 35, 
55nm) to calibrate at 23nm was done. Here, results were between 28% and 29% and no 
influence was observed. However, all operating points were at similar fuel-rich 
conditions. 
The burner operation is a major source of uncertainty in a calibration with miniCAST at a 
D50 of 23nm. Therefore it has to be the focus of standardisation to decrease this variation 
if miniCAST should be used for the calibration of CPC in the future. 
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5 Conclusion 
An inter-laboratory comparison was carried out to mainly investigate the performance of 
soot-like aerosols from diffusion flame and spark-discharge generators for the calibration 
of engine exhaust CPCs in the industrial environment. These were compared to other 
aerosols such as electrospray generated emery oil, condensation-evaporation generated 
emery oil and silver particles. 
Seven laboratories across Europe, five from industry, one from the European Commission 
and one from a national metrology institute, with their individual reference devices and 
calibration setups were participating in this exercise. One common soot generator (AVL 
APG) was circulated between all participating labs and compared to the existing local 
generators in the individual laboratories. Here five in-house propane flame generators 
(JING Ltd. miniCAST), four spark-discharge generators (PALAS DNP), three emery oil 
vaporizers (Evaporation-Condensation, TSI Electrospray) and two silver aerosol 
generators (Wire, Furnace) were used. One common PMP-compliant engine exhaust Test-
CPC (TSI 3791, D50: 23nm) was calibrated against all in-house reference devices at all 
laboratories. Another engine exhaust CPC (AVL CPC, D50: 23nm) and a 10nm detection 
limit CPC (TSI 3792E, D50: 10nm) were also tested. 
Three mobility diameters (23nm, 41nm and 70nm) of the Test-CPC were calibrated at all 
laboratories, plus intermediate mobility diameters for double charge correction. Also the 
Test-CPC’s linearity at 70nm was investigated. Here, the CPC is close to its maximum 
performance, so differences between laboratories become evident, when the reference 
instrument is a CPC. 
When comparing the engine exhaust CPC at the plateau of the counting efficiency curve, 
there only is very little difference in the counting efficiency between aerosols. All aerosols 
agree within the observed inter-laboratory variance. The maximum efficiency was 
measured with soot-like aerosol at 100nm and with emery oil at 55nm. The average 
counting efficiency was 94% for APG- and PALAS-generators, 96% for CAST, and 95% 
for emery oil. At 70nm, the soot-like aerosols (circulated APG, in-house miniCAST and 
Palas) average a counting efficiency 93%, 93% and 92%, respectively. Silver is close at 
92%, while emery oil yields 95% at 55nm. At 70nm, the CPC stays 2%-3% below the 
values at 100nm with soot aerosol. Thus the plateau of the counting efficiency curve is 
not yet reached at 70nm for an engine exhaust CPC that was originally calibrated with 
emery oil.  
The inter-laboratory variance can be expressed by one standard deviation of the CPC 
calibration results for the different generators: i.e. with soot-like aerosol at 70nm, it is 
3.6 percentage points (pp) (APG), 2.6 pp (miniCAST) and 2.2 pp (Palas). For the range 
of values across laboratories, emery oil lies between 93% and 97% counting efficiency at 
this diameter, while all soot-like aerosols were between 88% and 97%. The emery oil 
results are shown from electrospray generators only.  
The CPC was tested at the manufacturer (TSI) at the start and end of the calibration 
exercise. Between these two measurements there was a notable difference in 
performance. The CPC efficiency was 5 percentage points (pp) lower at 41nm and 3.5 pp 
lower at 55nm. Therefore it is likely that the CPC performance was varying or degrading 
over the course of the round robin. The cause for the degradation could not be found and 
from the limited data available it is not possible to quantify this effect. However, this 
variation of the CPC certainly contributes to the total measured uncertainty. 
A strong aerosol material influence on the counting efficiency was observed at the 
ascending part of the CPC’s counting efficiency curve, especially at 23nm but also at 
41nm. 
At 41nm, the counting efficiency averaged at 77% with APG, at 80% with miniCAST and 
at 77% with Palas (silver: 76%), which is well below the PMP target of >90%. Emery oil 
is at an average of 91%. The inter-laboratory variation gives a picture similar to 70nm: 
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For soot-like aerosol, the standard deviation is 5.8 (APG), 1.5 (miniCAST) and 3.3 (Palas) 
percentage points.  
The D50 of the CPC was calibrated at 23nm, where the average emery oil counting 
efficiency was 50%. The counting efficiencies with soot-like aerosol were clearly below 
the PMP target of 50% ±12%. The APG was at an average of 27%, miniCAST at 28%, 
Palas at 32% and silver at 25%. The inter-laboratory variation also proved to be largest 
at 23nm: APG calibrations had one relative standard deviation of 7.5%, miniCAST of 
3.3%, PALAS of 9.9%. Obviously and expectedly, the variance at the slope of the 
counting efficiency curve is much larger than near the plateau, especially considering 
that the relative standard deviation is even higher. 
Propane-flame and spark-discharge soot aerosol resulted in very similar counting 
efficiencies that are significantly lower than those of emery oil, indicating that it is 
essential to take into account the type of the calibration aerosol when evaluating CPC 
performance. Furthermore, emery oil calibrations yield a much steeper cut-off curve. 
That means, CPCs that are originally calibrated with emery oil will not meet the PMP 
criteria (D50, D90) for engine exhaust measurements when tested with soot-like aerosol. 
While the temperature difference in the CPC can be increased to reach the D50-target at 
23nm with soot, this might not be sufficient to meet the D90 at 41nm. This point has to 
be addressed in a future measurement campaign or workshop. 
The in-house soot generators showed a very good degree of correlation (i.e. standard 
deviation was comparable to the identical PALAS generators) to each other despite of 
having different burner models and custom aerosol after-treatment systems. The 
standard deviation was on a low level throughout. Tests at one lab with two burners of 
the same model provided evidence of potential morphology effects on the counting 
efficiencies in the steep part of the curve. Due to sparse statistical data from emery oil 
generators in this comparison exercise (only 2 labs with electrospray) a standard 
deviation was not calculated. If low performance (possible CPC drift) data at the re-test 
from the end of the exercise are excluded, both electrospray generators showed excellent 
correlation (within 1%) at 23, 41 and 55nm. 
Compared to the circulated common soot generator (APG), variance was lower with the 
various in-house setups. Due to the prototype status and a lack of documentation the 
APG had handling and contamination issues with participants that were not familiar with 
the instrument. 
Silver aerosol compared well to soot-like aerosols with an average counting efficiency of 
25% at 23nm and 76% at 41nm. 
Another point in need of improvement is the better definition of “sufficient” CPC linearity. 
The lower limit of the linear correlation factor R²>0.97 is not sufficient to detect 
malfunctioning devices and the correlation factor R² is not ideal as a measure for CPC 
linearity. For this reason, currently the maximum deviation from the reference 
instrument is limited to ±10% for each tested point. Nevertheless, this could allow a 
20% non-linearity. A limit on the residuals of each measurement point would be a more 
reliable measure for CPC linearity. This is the relative deviation of the CPC from a linear 
fit of CPC and reference instrument. A suggested maximum for the residuals of ±5% was 
found feasible in this exercise for particle concentrations larger than 2000/cm³. This 
could replace the existing limit for absolute deviation of the individual points from the 
reference of ±10%.  
Furthermore the linearity calibration has to be carried out over the whole certified 
measurement range of the engine exhaust CPCs, according to EU legislation. Likewise the 
limit values for linearity are +/-10% from the reference for each individual calibration 
point, not only for the overall linearity factor. 
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Outlook 
A single reference aerosol standard will in general greatly reduce the uncertainty for PN-
measurements (with both PEMS or chassis dyno), since large material and generator type 
induced differences would be avoided. This reference aerosol must be thermally stable. 
Once a single reference aerosol is defined, it is straightforward to establish a transfer 
function to other aerosols which might be most suitable for a special task (such as emery 
oil for the calibration of CPC). 
Soot-like aerosol from both propane flame generators or spark-discharge generators was 
identified as a suitable candidate for the standardization of CPC calibration procedures in 
automotive exhaust applications. Soot-like aerosol would allow the calibration of PN-
PEMS for RDE and particle counters on chassis dynamometers for WLTP by the same 
standard and with a minimized material effect compared to combustion soot from 
engines. Soot-like aerosol as studied in this report is thermally stable and has been 
shown to produce a reliable and repeatable calibration across multiple laboratories. A 
direct comparison of the variability with respect to emery oil was not the scope of this 
campaign. Still, since CAST generators have a much broader operating range than 
electrosprayed emery oil, a higher uncertainty should be expected. 
For soot aerosol, concerns were raised regarding the control of high multiple charge 
fractions of soot aerosol at sizes >41 nm. Also, there are measurements showing a 
strong soot properties effect on the counting efficiency at 23 nm.  
The influence of soot characteristics and operating points should be investigated in a joint 
follow-up workshop with several generators. The standardisation of aerosol 
characteristics to reduce the generator-based uncertainty could also be addressed here. 
The workshop could be extended to characterise other aerosol generators such as Palas 
and electrospray. It also needs to be investigated whether CPCs designed to meet PMP 
criteria (D50/D90) with emery oil could easily be adapted to meet these criteria with soot. 
Calibration at sub-23nm, which is in discussion for future application in automotive 
exhaust measurements, was only touched by the presented exercise. A joint workshop 
could be extended to investigate sub-23nm calibration in detail. These topics of interest 
were identified: Some laboratories were struggling with low concentrations at 10nm, 
which were not suitable for a calibration with electrometer. Also not all labs had a 
suitable reference instrument, which is either a CPC with a D50 below 10nm or an aerosol 
electrometer. Interestingly, soot efficiency appeared to be higher than emery oil at 10nm 
and 15nm. This also should be looked at in the future. 
To quantitatively describe the uncertainty of a calibration with soot-like aerosol under 
best practice conditions, a second, specialized round robin needs to be designed and 
exercised. It should focus on gathering sufficient statistical evidence to evaluate 
repeatability and systematic errors between laboratories. In Annex 3 there are 
suggestions and conclusions from this exercise for the design of a second round robin. A 
common procedure following ISO27891 should be agreed upon before the start of this 
exercise.  
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List of abbreviations and definitions 
AEM Aerosol electrometer 
APG AVL particle generator 
Avg. Average 
AVL Anstalt für Verbrennungsmotoren List 
CAST Combustion aerosol standard 
CPC Condensation particle counter 
CS Catalytic stripper 
D50 particle diameter at 50% counting efficiency 
D90 particle diameter at 90% counting efficiency 
DMA Differential mobility analyser 
ISO International standardization organization 
KF K-factor (calibration factor for a CPC) 
NMI National metrological institute 
PEMS Portable emission measurement system 
PN Particle Number 
PTB Physikalisch-Technische Bundesanstalt (NMI of Germany) 
R² Coefficient of Determination 
SMPS Scanning mobility particle sizer (instrument setup to measure a particle size 
distribution) 
UNECE United Nations economic commission for Europe 
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Annexes 
Annex 1. Additional CPCs tested 
Additional CPCs were tested at some of the participants in comparison with the circulated 
devices. Most of these tests were done with APG aerosol, shown in Figure 41. For this 
reason only the results for the APG aerosol are shown. At JRC, one Airmodus CPC, Model 
A20 with D50=10nm was tested. At BMW, a CPC from GRIMM Aerosol Technik, Model 
5.430 with a special calibration (D50=15nm) and a standard TSI engine exhaust CPC 
Model 3790 (D50=23nm) were compared alongside the RR instruments. At PTB, another 
TSI EE CPC 3790 (D50=23nm) was tested. 
From the limited data available it can be said that both TSI 3790 CPC performed similar 
to the circulated TSI 3791 CPC, which has the same specifications in terms of D50 and 
D90. 
 
Figure 41: Additional CPCs tested with APG soot versus in-house reference 
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Annex 2. Exemplary evaluation: Applying the counting efficiency curve to an 
assumed vehicle particle size distribution 
The purpose of this examination is trying to estimate the real-world influence of different 
counting efficiency curves. For this reason, CPC counting efficiency curves based on 
different calibration aerosols are derived from the measurements of the campaign. These 
are then applied to a simulated particle size distribution that is representative of typical 
GDI vehicle exhaust. 
Exhaust particle size distributions of a EURO 5 GDI vehicle are characterized by two 
distinct modes, the diameters of which were found to be at ~10nm and ~70nm 
(Karjalainen, et al., 2014). In another study, mean particle diameters of PFI gasoline 
vehicles were shown to be in the range of 40nm–70nm during the FTP and US06 driving 
cycle (Maricq, et al., 1999). That means a relevant share of automotive exhaust is 
expected to be emitted in the size regime where calibration uncertainty is highest.  
A continuous counting efficiency curve is required to compare the instruments to a 
particle size spectrum. This curve is obtained from an approximation using the formula 
suggested in ISO 27891. The parameter E∞ denotes the plateau counting efficiency and 
is taken from the averaged measurement data at 100nm. The remaining parameters Dp0 
(diameter where counting efficiency becomes zero) and Dp50 (where counting efficiency 
equals 50%) are estimated in a way that the resulting curve best represents the 
measurement data. See Table 16 for all approximation parameters as well as an 
individual K-Factor, taken from measurement data at 100nm. 
Equation 1: Approximation of the CPC counting efficiency curve according to ISO 27891 
 
Table 16: Parameters of the counting efficiency curve approximation for the CPC 3791 based on 
average data from the testing campaign 
CALIBRATION AEROSOL E∞ Dp0 Dp50 KF used 
Emery Oil (certificate value) 95.5% 18 22.5 1.047 
APG (mean) 94.3% 18.5 27.3 1.060 
CAST in-house (mean) 95.8% 18.5 27.3 1.044 
PALAS in-house (mean) 95.1% 18.6 27.2 1.052 
Silver in-house (mean) 95.1% 19 28 1.051 
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Figure 42: Counting efficiency curve of CPC 3791 approximated by the ISO formula from 
measurement data of the testing campaign for all aerosols 
Figure 42 shows the resulting approximation curves. In accordance with the 
measurement data, emery oil (the certificate value) shows a curve that is steeper in the 
region of 20nm-40nm and reaches the plateau of the counting efficiency at a much 
smaller diameter. Soot-like and silver aerosols give very similar instrument curves. 
Automotive exhaust particles are represented by an assumed bimodal particle size 
distribution that is built from two superimposed log-normal size distributions. They 
feature a nucleation mode diameter of 10nm and an accumulation mode diameter of 
60nm of the same maximum value. The geometric standard deviation of the nucleation 
mode is 1.8, of the accumulation mode it is 1.6.  
Multiplying the counting efficiency curve with the particle size distribution yields the 
expected instrument response for a given particle size. The cumulative response is shown 
in Figure 43 alongside the bimodal particle size distribution (dashed line). The 
cumulative curves are standardized (100%) to the performance of emery oil according to 
the original certificate. Also, the plateau counting efficiency of all devices is normalized 
by using the KF shown in Table 16. 
A CPC with a performance as calibrated with soot-like aerosol (CAST or PALAS) detects 
around 5%-6% less particles of this particular size distribution compared to the 
performance that is suggested by an emery oil calibration. This decrease is caused by a 
lower counting efficiency in the 20nm-60nm region and thus, a lower D50.  
Concluding: there are noticeable differences caused by the calibration aerosol. Also, the 
amount of error is greatly influenced by the size distribution of the measured exhaust, 
which generally is unknown. At the moment we cannot tell which of the assumed 
counting efficiency curves best represents real engine exhaust. It is desirable to eliminate 
the measurement error caused by different calibration aerosols. 
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Figure 43: Material-dependant CPC counting efficiency curve applied to an assumed bimodal 
particle size distribution 
Table 17: Comparison of the cumulative counting efficiency curve response standardized to the 
certificate values. A KF is always applied to normalize CPC plateau counting efficiency. 
CALIBRATION AEROSOL CUMULATIIVE EFFICIENCY 
(STANDARDIZED TO CERTIFICATE VALUE) 
Emery Oil (certificate value) 100% 
APG (mean) 94.6% 
CAST in-house (mean) 94.8% 
PALAS in-house (mean) 93.9% 
Silver in-house (mean) 93.4% 
Annex 3. Suggestions for a second stage of the round robin 
Motivation for a second stage of the round robin: 
Note: This section sums up suggestions based on the finished round robin. The goal of a 
second stage round robin needs to be discussed in the PMP community. The design of the 
round robin will be geared towards this goal. 
A suggested goal is “measuring the inter-laboratory and within-laboratory variance of a 
best practice CPC calibration with soot-like aerosol”. 
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The focus is on soot-like aerosol from in-house aerosol generators (PALAS spark 
discharge and CAST propane diffusion flame). If a direct comparison to emery oil from 
electrospray is desired, more laboratories for electrospray need to be included. 
A broad range of generators should be tested, while the number of test variations should 
be greatly reduced from the first round. Several iterations of the same calibration are 
necessary to evaluate the measurement uncertainty and to distinguish between 
systematic and random errors. 
The first laboratory should also measure at the end of the exercise to check the stability 
of the CPC with soot aerosol. As emery oil calibration was shown accurate enough to 
identify drifts, it should be included at least at the first and last stability checks. 
Procedure discussion: 
The measurements should be executed according to an agreed procedure. ISO 27891 
(ISO, 2015) should be regarded as the baseline, with necessary additions for engine 
exhaust CPCs. Points to be agreed include: 
 Sample flow calibration. Suggestion: Flow correction through a KF or CPC-internal 
factor from initial calibration. Flow measurement at each participant with 
circulated flow meter only to monitor the CPC functionality and drift, if present. 
 K-Factor. Should be applied internally by the CPC. 
 Electrometer Zero. Regular interval necessary. Suggestion: Follow ISO 27891. 
 Double charge correction. To be discussed: Is it necessary when no Electrometer 
is used? Which charge distribution to use (is Wiedensohler equilibrium sufficient)? 
Can we identify a bad neutralizer? 
 Size distribution. What are the minimum requirements for a suitable size 
distribution (with regard to width and double charge probability)? 
 Aerosol properties: What other operating parameters need to be fixed when using 
diffusion-flame soot? 
 Classified particle sizes. Legal requirement are D50 =23nm and D90 =41nm plus 
the plateau value. What is a suitable plateau diameter? Is another point desirable? 
 Sub-23nm: Does the exercise include sub-23nm? Which sizes should be added? 
10 nm and 15 nm? What aspects of the calibration should be focused on? 
 Linearity. Probably not necessary for the next RR exercise. Which range can be 
calibrated with modern CPCs (>20.000 #/cm³), how to do a broad range dilution?  
 Other aerosol sources. Is a direct comparison to electrospray emery oil desired? Is 
a transfer function possible/necessary? Should it be evaluated in the frame of a 
Round Robin? 
 Sampling position. Does this need to be addressed? Should splitter bias be 
mandatory? How to deal with multiple port-setups? ISO recommendations should 
be followed. 
The correct operation of the DMA should be verified with certified PSL particles of a 
known size, e.g. 100nm. The operating points of the soot generators should be 
documented by SMPS scans. The raw data will be collected with a circulated laptop and 
standardized software, including an automatic measurement of ambient conditions to 
minimize the measurement uncertainty. 
Documentation requirements: 
A minimum standard for the evaluation of a laboratory’s uncertainty budget should be 
established, based on ISO 27891. This should at least include: 
 Documentation of reference instrument calibration 
 Documentation of DMA calibration 
 Regular check of instrument flows 
 Regular check of generator particle size distribution 
 Regular check of reference instrument versus a secondary reference (either CPC 
or AEM) 
 Documentation of splitter/sampling port bias 
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Devices to be circulated: 
A suggestion of instruments to be circulated. As few instruments as possible should be 
circulated (no more than 2, if possible). This will reduce the number of variations and 
increase the number of repetitions that can be done by the labs. Also a clear research 
focus will improve the results. 
 Reference CPC (D50=10nm), calibrated with soot-like aerosol as standard 
reference device 
 And/or a calibrated electrometer  
 Engine Exhaust (EE) CPC (D50=23nm), originally calibrated with soot-like aerosol 
 Traceable PSL particles to check the DMA with a vaporizer (size: 100nm) 
 Flow meter for the CPCs, measurement range: 0- <5 l/min 
 Laptop for Data Collection with automation & recording Software 
 Ambient Temperature/Pressure/Humidity Sensor, connected to Laptop 
Possible tests: 
Basic tests 
 Calibration of the circulated EE CPC (D50=23nm) against the circulated reference 
CPC (D50=10nm) with in-house CAST/Palas soot generator. Determination of the 
counting efficiency curve, with focus on 23 and 41nm. Extra: 70nm/plateau  
 Multiple  calibrations in the same laboratory to determine the variance of each 
setup 
Additional 
 Calibration of the engine exhaust CPC against in-house reference to determine 
variance between in-house-references 
 Calibration with silver aerosol at PTB/JRC 
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Annex 4. Counting Efficiency Data, corrected 
Table 18: Corrections applied in data, either included as-submitted or added for the evaluation. 
(x: included in submission, o: not included in submission, A: added for evaluation) 
Laboratory KF Ref. Device Flow Mult. Charges AEM Zero 
JRC x A o x 
BMW o x x x 
VW x x o o 
PTB x A A x 
AVL o x x x 
Ricardo x x o o 
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Table 19: Corrected counting efficiencies for the circulated APG soot generator 
Test 
Name 
APG 
Operating 
Point 
Mobil
. Dp 
TSI 
3791 
TSI 
3792E 
AVL 
CPC 
TSI 
3790 
TSI 
3772 
Grimm 
CPC 
Air-
modu
s 
AEM 
Ioner 
JRC 1a 18/0/0.66/5
/3 
100 98% 107%     96% 98% 
 75 95% 105%     95% 100% 
 100 97% 106%     95% 95% 
 50 88% 101%     95% 91% 
18/26/0.71/
5/3 
50 86% 102%     96% 75% 
 41 79% 101%     95% 77% 
 23 32% 96%     92% 80% 
  23 20% 97%     89% 73% 
 15 0% 86%     78% 67% 
25/0/0.4/5/
1 
15 0% 87%     77% 67% 
 10 0% 63%     43% 67% 
 15 0% 86%     77% 66% 
JRC 1b 18/0/0.66/5
/3 
100 98% 107%     96% 96% 
 75 96% 105%     96% 101% 
 100 98% 106%     95% 94% 
 50 88% 101%     95% 90% 
18/26/0.71/
5/3 
50 86% 102%     96% 75% 
 41 79% 101%     95% 81% 
 23 32% 96%     92% 78% 
20/0/0.4/5/
3 
23 21% 97%     89% 72% 
 15 0% 85%     78% 67% 
25/0/0.4/5/
1 
15 0% 86%     77% 67% 
 10 0% 63%     43% 64% 
 15 0% 86%     77% 66% 
BMW B 23 40% 99% 44% 46%  80%   
C 41 85% 97% 89% 86%  92%   
C  95% 99% 102
% 
96%  96%   
D 70 97% 100% 104
% 
96%  97%   
D  106
% 
101% 112
% 
105
% 
 105%   
VW A 10 0% 89% 0%      
A 15 0% 90% 0%      
B 23 28% 90% 36%      
B  65% 91% 71%      
C 41 77% 90% 83%      
C  87% 90% 94%      
D 70 88% 90% 95%      
D  91% 91% 98%      
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PTB 
AEM 
A 10 0% 73% 0% 0%     
A 15 0% 93% 0% 0%     
B 23 28% 99% 39% 33%     
B  65% 101% 72% 69%     
C 41 79% 100% 87% 82%     
C  91% 99% 99% 92%     
D 70 89% 98% 97% 91%     
D  89% 94% 96% 88%     
PTB 
CPC 
A 10 0% 119% 0% 0%     
A 15 0% 112% 0% 0%     
B 23 32% 114% 45% 38%     
B  69% 106% 76% 73%     
C 41 82% 103% 90% 85%     
C  92% 101% 101
% 
94%     
D 70 95% 104% 103
% 
97%     
D  97% 104% 105
% 
97%     
AVL A 10  64%       
A 10  63%       
B 15  86%       
B 15  85%       
A 15  86%       
A 15  86%       
B 23 17% 95%       
B 23 18% 95%       
C 41 75% 100%       
C 41 76% 98%       
C 50 85% 99%       
C 50 88% 99%       
D 70 90% 101%       
D 70 94% 100%       
D 80 91% 98%       
D 80 94% 100%       
AVL 
AVL 
CPC 
 23   27%      
 23   27%      
 23   26%      
 23   26%      
 23   27%      
 41   80%      
 41   80%      
 41   81%      
 41   80%      
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 41   80%      
Ricardo  10  86%       
 15 0% 87% 0%      
 23 22% 83% 32%      
 33 67% 77% 93%      
 41 67% 87% 87%      
 50 91% 81% 119
% 
     
 59 95% 78% 124
% 
     
 70 90% 84% 108
% 
     
 72 100
% 
82% 126
% 
     
 100 101
% 
78% 94%      
 103 99% 79% 116
% 
     
 150 101
% 
74% 86%      
 200 100
% 
72% 109
% 
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Table 20: Corrected counting efficiencies for the miniCAST in-house soot generator 
Test 
Name 
Operating 
Point 
Mobilit
y Dp 
TSI 
3791 
TSI 
3792E 
AVL 
CPC 
TSI 
3790 
TSI 
3772 
Grimm 
CPC 
Airmo
dus 
AEM 
Ioner 
BMW 1 
CPC 
 10 0%  0% 0%     
 15 0%  0% 0%     
 23 29%  32% 31%     
 41 81%  86% 80%     
 70 97%  104
% 
94%     
 100 99%  107
% 
97%     
BMW 2 
CPC 
 10 0%  0% 0%     
 15 0%  0% 0%     
 23 27%  31% 30%     
 41 80%  86% 81%     
 70 96%  104
% 
96%     
 100 99%  107
% 
98%     
BMW 3 
CPC 
 10 0%  0% 0%     
 15 0%  0% 0%     
 23 31%  35% 37%     
 41 81%  87% 84%     
 70 96%  104
% 
97%     
 100 99%  106
% 
99%     
BMW 4 
CPC 
 10 0%  0%      
 15 0%  0%      
 23 28%  34%      
 41 81%  85%      
 70 97%  103
% 
     
 100 100%  105
% 
     
VW  10 0% 94% 0%      
 15 0% 96% 0%      
 23 28% 96% 37%      
  66% 96% 78%      
 41 78% 95% 81%      
  89% 95% 92%      
 70 90% 95% 96%      
 103 92% 95% 99%      
PTB EM A 10 0% 71% 0% 0%     
A 15 0% 92% 0% 0%     
B 23 33% 100% 43% 32%     
B  69% 101% 77% 62%     
C 41 80% 102% 89% 74%     
C  92% 101% 101
% 
84%     
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D 70 91% 99% 100
% 
83%     
D  95% 101% 104
% 
87%     
PTB 
CPC 
A 10 0% 111% 0% 0%     
A 15 0% 109% 0% 0%     
B 23 37% 112% 48% 36%     
B  73% 107% 82% 66%     
C 41 83% 105% 92% 76%     
C  93% 103% 102
% 
85%     
D 70 95% 104% 105
% 
87%     
D  97% 102% 105
% 
89%     
AVL  23 24%        
 23 24%        
 41 78%        
 50 85%        
 50 86%        
 70 93%        
Ricardo  10  97%       
 15 0% 102% 0%      
 23 26% 101% 33%      
 33 67% 102% 72%      
 41 81% 102% 87%      
 50 88% 102% 96%      
 59 93% 101% 101
% 
     
 70 95% 100% 104
% 
     
 72 94% 103% 104
% 
     
 100 95% 102% 104
% 
     
 103 97% 101% 106
% 
     
 150 97% 99% 105
% 
     
 200 96% 100% 105
% 
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Table 21: Corrected counting efficiencies for the PALAS in-house soot generators 
Test 
Name 
Operating 
Point 
Mobilit
y Dp 
TSI 
3791 
TSI 
3792E 
AVL 
CPC 
TSI 
3790 
TSI 
3772 
Grimm 
CPC 
Airmo
dus 
AEM 
Ioner 
JRC 1 M-5-3-3 194,04 99% 99%     94% 52% 
150,49 98% 97%     94% 58% 
100 97% 93%     93% 70% 
91,02 96% 94%     94% 91% 
72,65 93% 92%     93% 74% 
70 91% 89%     91% 100% 
70 92% 92%     92% 87% 
50 85% 92%     92% 92% 
41 78% 93%     92% 85% 
M-2-8-3 91,03 95% 96%     94% 68% 
91,03 94% 96%     94% 88% 
72,69 90% 93%     93% 96% 
72,67 92% 95%     93% 86% 
50 84% 92%     92% 87% 
50 80% 89%     91% 86% 
41 76% 91%     92% 79% 
41 82% 89%     91% 93% 
40,64 75% 91%     92% 79% 
40,64 74% 89%     91% 89% 
32,9 62% 91%     91% 73% 
32,9 61% 88%     90% 82% 
23 28% 89%     88% 52% 
23 29% 86%     87% 85% 
15 2% 82%     78% 69% 
         
JRC 2 M-5-3-3 193,91 98% 98%     94% -
112% 
153,24 98% 99%     94% 11% 
100 97% 102%     94% 83% 
90,96 97% 103%     94% 94% 
72,66 93% 103%     93% 94% 
70 91% 102%     92% 87% 
50 85% 101%     92% 93% 
41 78% 99%     92% 92% 
M-2-8-3 72,62 93% 99%     94% 41% 
70 91% 102%     92% 84% 
70 92% 101%     93% 78% 
70 92% 99%     93% 75% 
70 92% 99%     94% 73% 
80 
70 91% 98%     93% 53% 
70 93% 99%     95% -15% 
50,9 95% 98%     94% 9% 
50 84% 99%     93% 74% 
41 76% 97%     92% 65% 
23 30% 94%     87% 75% 
15 1% 84%     77% 123% 
10 2% 65%     50% -
254% 
JRC 
BMW 
M-5-3-3 80 95% 100%      98% 
100 97% 100%      98% 
150,2 100
% 
101%      98% 
150,2 98% 98%      97% 
200 99% 98%      97% 
M-2-8-3 10 0% 67%      56% 
14,2 0% 90%      89% 
15 0% 92%      91% 
23 20% 99%      97% 
30 51% 101%      99% 
32,88 60% 102%      99% 
41 75% 102%      99% 
50 83% 103%      99% 
59,2 89% 103%      99% 
60 90% 103%      98% 
70 94% 102%      98% 
80 96% 101%      98% 
100 97% 99%      97% 
150,2 99% 99%      98% 
BMW 30-6, 
2500V/100H
z 
10 0% 102% 0%      
15 4% 102% 5%      
23 42% 103% 47%      
41 82% 103% 87%      
70 95% 101% 100
% 
     
VW  10 0% 89% 0%      
 15 2% 92% 3%      
 23 42% 93% 47%      
  69% 94% 73%      
 41 78% 94% 86%      
    93% 93%      
 70 90% 93% 94%      
  88% 93% 98%      
AVL  23 27%        
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 23 27%        
 41 74%        
 41 74%        
 70 90%        
 70 90%        
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Table 22: Corrected counting efficiencies for the silver particle in-house generators 
Test 
Name 
Operating 
Point 
Mobilit
y Dp 
TSI 
3791 
TSI 
3792E 
AVL 
CPC 
TSI 
3790 
TSI 
3772 
Grimm 
CPC 
Airmo
dus 
AEM 
Ioner 
JRC 1  50 85% 102%     96%  
 30 49% 99%     93%  
 30 51% 102%     90%  
 23 23% 100%     89%  
 23 24% 102%     87%  
 20 9% 100%     88%  
 20 9% 101%     85%  
 15 0% 97%     79%  
 15 0% 99%     77%  
 10 0% 78%     33%  
 10 0% 78%     33%  
JRC 2  100 98% 99%     96%  
 70 93% 101%     95%  
 70 92% 99%     94%  
 50 85% 101%     94%  
 50 83% 102%     93%  
 15 0% 97%     76%  
 15 0% 96%     76%  
 15 0% 97%     76%  
 10 0% 76%     37%  
 10 0% 77%     39%  
 10 0% 78%     39%  
PTB 
EM 
A 10 0% 73% 0% 0%     
A 15 0% 94% 0% 0%     
B 23 27% 102% 36% 30%     
B  63% 102% 71% 67%     
C 41 76% 103% 67% 81%     
C  90% 102% 97% 96%     
D 70 91% 101% 99% 97%     
D  92% 99% 100
% 
98%     
PTB 
CPC 
A 10 0% 119% 0% 0%     
A 15 0% 111% 0% 0%     
B 23 29% 110% 39% 32%     
B  65% 104% 72% 69%     
C 41 77% 105% 68% 82%     
C  91% 104% 99% 98%     
D 70 94% 104% 102
% 
100%     
D 93 97% 105% 105
% 
104%     
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Table 23: Corrected counting efficiencies for the emery oil in-house generators 
Test 
Name 
Operating 
Point 
Mobilit
y Dp 
TSI 
3791 
TSI 
3792E 
AVL 
CPC 
TSI 
3790 
TSI 
3772 
Grimm 
CPC 
Airmo
dus 
AEM 
Ioner 
JRC  10 1% 69%     54% 95% 
 15 0% 90%     78% 104% 
 15 0% 88%     80% 102% 
 23 48% 97%     90% 103% 
 41 93% 102%     93% 102% 
 50 97% 103%     94% 102% 
 70 100% 102%     95% 102% 
 100 100% 100%     95% 98% 
 100 100% 100%     97% 101% 
AVL  23 52%        
 23 50%        
 23 52%        
 23 51%        
 41 93%        
 41 94%        
 41 93%        
 41 92%        
 55 97%        
 55 97%        
 55 96%        
 55 96%        
AVL AVL 
CPC 
 23   60%      
 23   57%      
 23   58%      
 23   59%      
 23   58%      
 41   97%      
 41   97%      
 41   98%      
 41   97%      
 41   99%      
 55   100
% 
     
 55   100
% 
     
 55   99%      
 55   101
% 
     
 55   98%      
 55   100
% 
     
 55   100
% 
     
 55   100
% 
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 55   101
% 
     
 55   99%      
TSI 
start 
 10  50%       
 23 51% 97%       
 41 93% 98%       
 55 96% 98%       
TSI end  10 0% 56%       
 23 46% 96%       
 41 88% 97%       
 55 93% 98%       
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